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Abstract

Nickel-ceramic cermets are the most industrial relevant materials in solid oxide fuel cell
(SOFC) anode and solid oxide electrolyser cell (SOEC) cathode today. Nano-structure
engineering of the electrode provides the benefits of high electrochemical activity, but the
electrode’s stability has been questionable. For commercial applications, SOFC cells should
sustain good performance for 40,000 hours of high temperature operations. Nickel coarsening
between 500 °C to 1000 °C for high temperature SOFCs leads to both a reduction in the
triple phase boundary (TPB), which is the electrochemical reaction site and a reduction in
network connectivity, which is essential for current collection. In this work, particular
attention is paid to the evolution of nickel nanoparticles in the cermet and its structural

relationship with the ceramic phase.

Impregnation is one of the most popular techniques to incorporate nanoparticles in SOFC
electrodes. In this study, nickel-impregnated scandia stabilised zirconia (ScSZ) electrodes
were annealed isothermally at 650, 800 and 950 °C in 3% H.O-5% Hs>N.. An initial
degradation of the electrodes was observed during the first 17 h of annealing. At 800 °C,
the in-plane conductivity degraded from 1000 S cm™ to 700 S cm™ and the area specific
resistance (ASR) for electrochemical reaction from 0.17 to 1.15 © ¢cm? seen in electrochemical
impedance spectra (EIS). Post-mortem scanning electron microscopy (SEM) images
revealed an increase in particle size of the impregnated nickel nanoparticles, which caused

a reduction in both active electrode area and TPB density.

The nickel-impregnated electrode showed good performance initially but degraded in a
relatively short time as a result of nickel coarsening. Alternatively, the bottom-up
manufacturing which uses nanoparticles from the beginning of powder mixing has great

industrial potential. Composite nanoparticles of nickel oxide-yttria stabilised zirconia (YSZ)
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fabricated by continuous hydrothermal flow synthesis (CHFC) were processed into solid
oxide cell (SOC) electrodes. The nanocomposite powders have a high surface area of 189 m?
gt and form 1 — 10 pm agglomerates after freeze-drying and ball milling. Focused ion beam
(FIB)-SEM images and 3-D reconstruction revealed the electrode had a dual porosity
microstructure with micron-size agglomerates, containing inter-penetrating networks of Ni
(180 nm), YSZ (170 nm) and pores (310 nm), separated by micron-sized pores. The electrode
has a high TPB density of 11.1 pm™. The electrodes aged at 800 °C in 3% H.O-5% Hx-N
for 600 h showed excellent stability. The electrochemical reaction resistance was stable at
0.15 ©Q em?. FIB-SEM 3-D reconstruction suggested that after aging, the TPB density was

still high at 10.0 pm 2 and the particle size of Ni and YSZ remained approximately 100 nm.

Similarly, nanoscale nickel gadolinia-doped ceria (CGO) electrodes were fabricated from
similar nanocomposite powders. The electrodes have high TPB density of 8.4 pm™ and
double phase boundary (DPB) density of 1.91 pm™. During isothermal aging at 800 °C in
3% H>O-5% H>-Ns, the total polarisation resistance was stable at 0.20 € ¢m?® During the
aging, the TPB density decreased but the DPB density remained relatively constant. In the
Ni-CGO electrodes, the electrochemical reactions primarily take place on the surface of

CGO and the nickel network mainly serves as current collector.

The excellent stability of nanostructured electrodes made by hydrothermal synthesis, in
comparison to nickel impregnation, indicated that the microstructural relationship between
the nickel and the ceramic phase is important to its stability. The ceramic phase can
effectively inhibit the coarsening of nickel, especially when their particle sizes are

comparable and when they form networks intertwined with each other.
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Figure 7.4 FIB-SEM 3-D reconstruction of the porous Ni-CGO electrode. The original FIB-SEM
image taken by back-scattered electrons in (a) shows the phase contrast for Ni, CGO and the
resin-filled pore. The CGO appears to be very bright, followed by Ni and lastly the resin is the
darkest. The image histogram indicates three distinct peaks for the three phases. The consecutive

images following (a) were collected and the image stack was reconstructed to the 3-D structure of
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the electrode in (b). The reconstructed volume on the left shows the intertwined Ni (in red) and
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Figure 7.5 Impedance spectra and the corresponding DRT graphs of the symmetrical cells under
open circuit conditions at a flow rate of 100 ml min™. In (a), at 800 °C, the H; partial pressure was
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Figure 7.9 Microstructural comparisons between the electrodes aged for 60 min and for 4000 min
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Figure 7.10 Magnified views of the electrode aged for 4000 min at 800 °C in humidified 5% H-No.
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the zoom-in region (a), Ni coarsening is appreciable and a few agglomerated particles are labelled.
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On the other side of the region (b), Ni coarsening is much less severe and many Ni particles
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1 Background and Motivation

In this chapter, an overview of the solid oxide fuel cells (SOFCs) and solid oxide electrolyser
cells (SOECs) is presented. The role of SOFCs and SOECs in today’s energy market and
its future potential are summarised. The different fuel electrode materials are compared,
with a focus on Ni-yttria-stabilised zirconia. Finally, the motivations of this thesis are

explained, together with details of each chapter.

1.1 Solid Oxide Cells

The solid oxide cell (SOC), which refers to both the SOFC and the SOEC, is a key
component in realising the hydrogen economy. Hydrogen gas (H») as a fuel is
environmentally benign, with water vapour as its oxidation product. H, gas has a high
energy content per unit weight of 120.7 kJ g' and is abundantly available [1]. Hence, H,
gas is of interest as an energy carrier in a low carbon energy infrastructure. Today, it is
produced mainly by steam reforming of fossil fuels and natural gas, and occasionally by
electrolysis or photochemical reactions [2] which has a much higher production cost. SOFC
generates electricity from hydrogen, giving out water, and SOEC uses electrical energy to
produce hydrogen from water. Conceptually, they are the same cell running in reverse modes.
When combined with a gas turbine, SOFC power systems are capable of reaching a very
high electrical efficiency of 70% and heat-and-power efficiency of 90% [3], [4]. While SOFC
development has been ongoing for the last decades, interest in SOECs has recently been

revived for renewable hydrogen production from wind and solar power. High temperature



water electrolysis using SOECs is considered the cleanest and most efficient technology
available to store energy from intermittent and site-specific renewable power generation to

match supply with demand [5].

1.2 Working Principles of SOFC

The SOC comprises three layers, namely, the fuel electrode, the electrolyte and the air
electrode. For SOFCs, the fuel electrode is the anode where the oxidation of fuel takes place
and the air electrode is the cathode where the oxygen gas is reduced to ions. The electrolyte
is a dense layer, sandwiched by porous electrode layers. Though some interest has been
shown in proton conducting oxides, especially the Ba(Zr,Ce,Ln,Y)Oss perovskite, to lower
the operating temperature, the majority of SOFCs still use an oxygen ion conductor, YSZ

for example, as the electrolyte.

Typically SOFCs operate between 500 °C and 1000 °C [6]. Nowadays, SOFCs can be
efficiently powered by natural gas, bio-gas and other hydrocarbon fuels, with internal
reforming [7]. As shown in Figure 1.1, syngas (H: and CO) flows through the anode side
and is oxidised to water vapour and CO,. Meanwhile, air on the cathode side provides
oxidant when the oxygen gas is being incorporated into the cathode lattice as oxygen ions
O%. Electrons are released during the oxidation of syngas and passed through to current
collector to power an external load. The electrons then flow back to the cathode to drive
the reduction reaction. The electrodes are porous to maximise the electrochemical reactions
on the solid-gas interface. However, the electrolyte needs to be impermeable to achieve high

fuel utilisation. When running on H,, the reactions taking place in a SOFC are



H, (gas) + O* (electrolyte) S H.O (gas) + 2e (current collector) at the anode; (1.1)

%Og (gas) + 2e (current collector) 5 O% (electrolyte) at the cathode; (1.2)

H, (gas) + % O (gas) S H,O (gas) overall (1.3)

Fuel
CO+H,0 - Hz2+CO:

2Ha + 20= — 4e- + 2H,0
0= 0* 0=

Electrolyte o=
Electrical Load
). )i )i
Air Depleted O2
— Oxidant Heat

Figure 1.1 Schematics illustrating the operation of SOFC with oxygen ion conducting

electrolyte. Modified from [8].

In practice, fuel cell units are connected in series to build a stack for the desired voltage.
Tubular and planar cells are the two common SOFC designs. While tubular cells offer better
thermal cycling stability and easier sealing, planar cells have higher power densities and
simpler manufacturing by tape casting and screen printing [9]. The planar design in Figure
1.2 shows different layers within a repeating unit. A layer of current collector is applied on
both the anode and cathode sides. Popular choices for current collector are Ni felts, chromia
forming metal plates with or without doped LaCrOs coatings [10].
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Cathode current collector

Solid electrolyte [~ Cell

Figure 1.2 Planar design of the SOFC stack, after [11].

1.2.1 Electrochemistry

1.2.1.1 Nernst Potential

In thermodynamics, the change in Gibbs free energy AG of a reaction is given by the

interaction between enthalpy change AH and entropy change AS,
AG = AH — TAS = —nFE (1.4)

The overall reactions in SOFCs at the operating temperatures have negative AG and
negative AS. The electromotive force FE in Equation 1.4 is determined from AG, n the
number of electrons transferred in the balanced equation and F the Faraday’s constant.
Increasing the temperature T will decrease the equilibrium cell potential F [12], which is

often called the open circuit voltage (OCV).



With hydrogen fuel, the overall reaction as described in Equation 1.3 has a Nernst potential
E.emst influenced by the partial pressures of the hydrogen, water vapour at the anode and
oxygen at the cathode Pmso, Prr and Pos.

1
AG° = RT, Py,Po,2

Enernst = — +—In—2—2
2F ' 2F PH,0

(1.5)

where AG°is the change in Gibbs free energy under standard state and R the universal gas
constant. AG°is —229 kJ mol! at 25 °C for Equation 1.3 and hence the standard potential
is 1.18 V [13]. Because water vapour is indispensable in this reversible reaction, in the
laboratory setting the fuel gas is usually humidified and modelling studies normally assume
a 3% atm steam, which is the saturated vapour pressure at room temperature (25 °C). From
Equation 1.5, it is shown thermodynamically, that increasing system pressure or increasing

the concentrations of reactant gases will lead to an increase in the equilibrium cell potential.

1.2.1.2 Polarisation

When a current is drawn from a SOFC, the actual cell potential is lower than its equilibrium
potential due to irreversible losses. These voltage drops are termed polarisations or
overpotentials. Three polarisations in fuel cell operations are the activation polarisation, the

ohmic polarisation and the concentration polarisation as shown in Figure 1.3.

Activation polarisation is pronounced in the low current region. It reflects the kinetics of
the reactions on the electrode surface, where some of the emf is lost in overcoming the
activation barrier for the reaction. The activation polarisation n.. manifests itself in Figure

1.3a as the initial rapid fall in voltage and can be expressed as



. . Fnac Fngc
i = iy [exp (g 22) — exp(—a, o)) (16)

where n is the number of electrons transferred, 7 the current density, 7, the exchange current
density, a,and o, the asymmetry factors for anodic and cathodic reactions [14]. Equation
1.6 is also known as the Butler-Volmer Equation. This low current region initial fall in
voltage with current is often observed in proton exchange membrane fuel cells (PEMFCs)
but less significant for high temperature SOFCs because the fast kinetics at high
temperature facilitates charge transfer. At low over potential (n..: < 0.1 V) [14], the Butler-

Volmer equations can be simplified as Equation 1.7, which is approximately linear.

RT
ipnF

Ngee = 1 (1.7)

The ohmic polarisation N, is from the resistance to the ion flow in the electrolyte mainly
and the electron flow through the electrodes and the external circuit [13]. It is the linear

region on the V-I curves in Figure 1.3 and follows a linear relationship

Nonm = [Rtot (1.8)

where Ry is the total cell resistance comprising of resistances of anode, cathode, electrolyte

and the contact resistance between the layers.

At a higher current density, the concentration polarisation becomes dominant when the
diffusion of the gaseous reactants to/from the electrochemical reaction sites becomes rate-
determining. The concentration polarisation N can be calculated as[15]
RT P RT i
Neone = Eln (P_o) = Eln (1 - ﬂ) (1.9)
where P is the pressure at the reaction site at the actual current density and P, is the

pressure when the current density is zero. i, is the limiting current at which the fuel is used



up at a rate equal to its maximum supply speed. It should be noted that Equation 1.9 is
only true for a thick electrode in which the transport to the electrode plane is in series with

¢

the electrode reaction. In a “volume” electrode such as porous mixed conductor or a fine

composite, the gas diffusion behaviour is more complex.

In a porous composite SOFC electrode, the concentration polarisation depends largely on
the electrode microstructure, especially the porosity and tortuosity. During fuel cell
operation, the concentration of the reactant gases near the surface reaction sites decreases,
and the higher the current, the greater the decrease. The replenishment of the reactant
gases depends on the microstructure of the pore network and the diffusivity of the gases.
Toshio and colleagues reported an increase in power density in anode-supported tubular
SOFCs at 600 °C from 0.2 W c¢cm™? to 1.1 W cm? when the porosity of the anode was
increased from 37% to 54% [16]. A smaller mean pore radius and a lower porosity were also
found to lower the fuel conversion in a one-dimensional numerical simulation of a methane-
fuelled SOFC [17]. In another simulation a pore size of 3 pm and porosity of 40% was found
to minimise the concentration over-potential [18]. Porosity and pore size of the electrode

are important as gas diffusion in the pores can influence the kinetics of the reaction.
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Figure 1.3 voltage vs. current density curve for (a) a low temperature fuel cell (70 °C) and

(b) a typical SOFC at high temperature (800 °C' or above). Modified from [15].
In summary the actual cell voltage is determined as

V= Enerst — Nact,a — Nact,e — Norm — Nconc,a — Ncone,c (1-10)

where N, is the activation polarisation at anode, n...the activation polarisation at cathode
and likewise Neoneo and Neone.. The operating voltage is determined by both the Nernst
potential and the sum of different overpotentials. Though high temperature SOFCs have
lower Nernst potential than PEMFCs or other low temperature counterparts, SOFCs have

smaller overpotentials which leads to a generally higher operating voltage (Figure 1.3).

Besides the three main polarisation processes mentioned above, additional polarisation
losses can happen for the gas transport above the electrodes. This is the case when the gas
supply to the electrode surface becomes limiting and the scenarios are illustrated in Figure

1.4.
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Figure 1.4 gas concentration profiles for the limiting behaviours of gas transport on top of

the SOFC electrode [19).

In Figure 1.4, the inlet gas concentration at the electrode surface is influenced by the
transport behaviour in the gas layer outside the electrode. Figure 1.4a is the ideal case when
the gas concentration at the electrode is always constant to the inlet concentration because
there is infinitely fast transport inside the gas chamber. In Figure 1.4b, the gas layer near
the electrode has finite transport and the concentration profile decreases linearly from the
inlet to the electrode. The gas transport inside this layer is governed by diffusion. The
stagnant layer model proposed by Primdahl and Mogensen describes this phenomenon as
the “gas diffusion impedance” [20]. In Figure 1.4c, the electrochemical reaction creates an

abrupt concentration change in the gas chamber. The test rig geometry has an effect and

9



the inlet gas flow rate determines the extent of polarisation. This effect was first analysed
by Primdahl and Mogensen as the “gas conversion impedance” using a Continuous Stirrer
Tank Reactor (CSTR) model [21]. Figure 1.4d is a combined effect of Figure 1.4b and Figure

1.4c, when the concentration gradient is influenced by both diffusion and convection.

Alternatively, the total polarisation can be quantified by the area specific resistance (ASR)
in Equation 1.11, when the VI characteristic is approximately linear. On a stack level, a
fuel cell unit runs on hydrogen and air to generate electricity. There is a potential difference
between the electromotive force emf of the inlet gases and the cell voltage V. The slope on
the I-V curve in Figure 1.3b is the ASR. ASR is less sensitive to small fluctuation in cell
voltage and fuel utilisation than power density and hence it is often used as a performance

measure in fuel cell tests [22].
ASR = Rohm + Relectrochem + Rconc + Rdiff + Rconver (1-11)

The total polarisation ASR is the sum of the ohmic resistance Rom mainly from the
electrolyte and the electrical contact, Recirocnem the resistance from the electrochemical
reactions taking place in SOFCs, R...the gas concentration resistance arising from the
transport inside the porous electrode, Ry the gas diffusion impedance and Reoner the gas
conversion impedance. While the former three are originated from the properties of the
SOFC cells, the latter two are associated with the structure of the current collector layer

[23]and the dynamics of the gas flow surrounding the cell.
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1.3 Current State of SOFC Development

In the global energy market, SOFC technology holds promise in Combined Heat and Power
(CHP), Long-range Transportation, Auxiliary Power Units (APU) and Stationary power
generation. The EU, the USA, China and Japan have long been the major players in SOFC
development, with Korea recently entering the market with strong policies [24]. In July
2018, Bloom Energy Corporation, a leading company in SOFC technology, launched its
initial public offering (IPO) at $15 a share, after its SOFC-based server platforms seizing a
considerable share from the data centre market for reliable on-site power supply [25]. In
California, international companies like Apple, eBay, IKEA and Coca-Cola have installed
more than 200 MW of SOFC-based systems. The Ene-Farm project in Japan has installed
180,000 SOFC and PEMFC-based CHP units till 2016 and has successfully lowered the
system cost to less than $10,000 per 1kW unit [26]. In 2018 SOFC stacks operated for more
than 35,000 h have been analysed [27]. The fuel flexibility of SOFCs with the possibility to
run on a wide range of hydrocarbon fuels makes it easier to integrate them into the
established gas grid [28]. The fuel flexibility of SOFCs make them ideal electricity generation
devices for a smooth transition from the current fossil fuel to the future renewable hydrogen

economy.

In the transportation sector, NISSAN revealed the first concept car called e-Bio Fuel Cell
during the Olympic Games in Brazil in 2016. The SOFC range extender operates on bio-
ethanol and recharges the high voltage battery, extending the driving range from 150 km
to 600 km with a 30 L ethanol tank [29]. The SOFC stack has a high stack volumetric
power density of 10 W ecm™ and gravimetric power density of 3 kW kg, exceeding that of
an internal combustion engine. With hydrocarbon refuelling, SOFCs and internal

11



combustion engines have similar specific energy of 1 kWh kg [30] . It is clearly a promising
alternative for combustion engines to reduce noise and pollution. In the UK, there are a few
hydrogen refuelling stations today, with the plan to expand to 65 stations under the H2ME
project co-funded by the European Union’s Horizon 2020 programme through the Fuel Cells
and Hydrogen Joint Undertaking (FCHJC) [31]. Ceres Power in the UK successfully doubled
its revenue in 2018 to 6300 k&£, after releasing its 5kW stack with increased power density,
reduced start-up time and vibration tolerance for automotive applications [32]. The gradual
improvement in hydrogen fuel supply infrastructure will allow fuel cell electrical vehicles
(FCEV) to rival battery electrical vehicles (BEV), as well as increase the efficiency and

reduce emission of greenhouse gases with FCEVs running on hydrogen fuel.

CHP and Stationary application are particularly well suited for SOFCs based on its high
temperature operation and high efficiency. For operations > 5 h, the energy density of fuel
cell far outweighs its lead-acid battery counterpart [33]. LG Fuel Cell systems successfully
demonstrated over 1000 h operating time for a 200 kW-class SOFC system fed by natural
gas from the grid, with multiple start-ups and shutdowns [26] in 2016. In the EU, the first
industrial size biogas-fed SOFC system was installed in 2017 under the DEMOSOFC project,
integrating a biogas system, a 58 kWe SOFC module and a heat recovery system. Worldwide,
a great number of SOFC units ranging from 1 kW for household usage to 1 MW for
international data centre have been installed in the last five years. Those distributed
generation applications demonstrate the potential in SOFC’s initial market entry and will

validate the stack reliability for larger stationary systems in the near future.

Though the recent five years saw a positive commercial uptake in SOFC technology, the
current state of development in SOFCs is still behind PEMFC and lithium batteries.

PEMFCs do not have the long start-up time as SOFCs due to its much lower operating
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temperature. Li-ion batteries, with a more advanced global supply chain and hence lower

cost, are dominant as the energy system in green vehicles [34].

The Gartner Hype Cycle [35] in Figure 1.5 illustrates the current development phase of
SOFC technology, in comparison to PEMFC and Li-ion battery. Today, the inflated hype
for SOFCs has been dismissed with the realisation of the low cost-competitiveness of this
technology. SOFC has entered a stage when both the benefits and the issues of the
technology have been made widely aware and the technological challenges in
commercialisation are being addressed. For example, Japan’s Ene-Farm 0.3-1 kW residential
systems and FCEV products are being highly subsidised by government programmes [36].
The UK Research Council has been maintaining or reducing the grants for fuel cell and
relevant field since 2015 [37]. Meanwhile US companies manufacturing stationary fuel cell
systems supported by various state incentive programmes, including Bloom Energy, are still

struggling to make a net profit in the competition with grid electricity [38].

J Peak of Inflated
Expectations

Plateau of
Productivity

Expectations

Slope of
Enlightenment

Innovation
Trigger

Trough of
Disillusionment

Time

Figure 1.5 The Hype Cycle illustrating the maturity of SOFC technology and its alternatives
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Till now the major fuel cell companies are still making net losses in the financial year 2018,
including Bloom Energy, Ballard Power and Ceres Power. Bloom Energy, one of the leaders
in SOFC technologies, was on a loss of $ 135M out of its total revenue of $ 528M [39]. The
companies have niche markets, for example reliable non-stop electrical power for data
centres and hospitals and are relying on significant government subsidies. To boost market
impact, The U. S. Department of Energy set a cost reduction target for fuel cell systems to

$ 40 kW in 2020 from the current cost of $ 53 kW~ [40].

The high cost for SOFCs is a great hurdle for market penetration. The Japan Ene-Farm
residential micro CHP unit cost $0.26 kWh, still slightly more expensive than grid
electricity after government subsidy [38]. On the cell level, cost reduction will come from
materials optimisation. SOFCs do not use precious metals as catalyst due to their high
operating temperature. Therefore, enhancing the reaction rate in the electrode and
electrolyte materials is the best option to increase the power density of the cell and
consequently bring down the cost per kW. After accounting for the efficiency and heat
generation, the target power density of the cell is approximately 0.5 W c¢m™ [41], which

translates to 0.15 €2 cm? for the electrode polarisation resistance.

Another critical challenge for SOFC technology is to sustain a long operation life-time.
Several stacks operated for over 10,000 h have been monitored and post-test diagnosed,
some showed low voltage degradation rate of 0.2 % per 1,000 h [27]. The Durability target
set by the U.S. Department of Energy for fuel cell stack is 0.3 % of voltage degradation per
1000 h. in 2020 [42]. The current laboratory standard for fuel cell stack degradation rate
was also reported to be approximately 1% per 1000 h for stationary application and per 400
— 600 h for automotive. Degradation originating from the cell component include, coarsening

of nickel particles and carbon deposition in the anode(when operating on hydrocarbon fuel)
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at the anode, Sr segregation and Cr poisoning at the cathode, as well as delamination
between layers [43]. Until now, there are no perfect solutions to those issues, though the
understanding on degradation mechanisms have improved and some methods to mitigate

the deterioration found over the last five years.

1.4 Fuel Electrode Materials

The fuel electrodes for SOCs need to be stable in the high-temperature reducing atmosphere
and electronically conducting. Additionally, the mismatch in coefficient of thermal
expansion (CTE) in the electrode and the electrolyte should be minimised to avoid

mechanical delamination.

The fuel electrode materials being studied nowadays are in two categories: 1) the composite
of two electronic and ionic conducting phases and 2) a single phase of mixed ionic and
electronic conductor (MIEC). The fuel electrodes are made porous to maximise the anode-
gas interface and hence fuel access. In category 1), the electrochemical reaction takes place
at the region where the pore, the electronic conductor and the ionic conductor meet, called
the triple phase boundary (TPB). At the TPB, the oxygen ions from the ionic conductor
oxidise the fuel gases from the pore, releasing electrons that travel along the electronic
conductor. The product gases then flow out of the pores. Similarly, the electrochemical
reaction zone is at the double phase boundary (DPB) between the pore and the MIEC phase
for category 2), with both the ions and the electrons are transported along the MIEC
network [44]. It is also common to have the combination of 1) and 2), because the DPB

electrode has large electrochemical reaction zone but can be further improved with the
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addition of another phase to enhance its conductivity (either ionic or electronic) and

catalytic activity.

The most conventional fuel electrode material is Ni-YSZ cermet. Ni serves as both a good
electronic conductor and a catalyst for hydrogen oxidation. Meanwhile, the YSZ network
in the fuel electrode maintains the mechanical compatibility with the YSZ electrolyte by
reducing the CTE of composite as compared to pure Ni [3] to minimised the mismatch with
the electrolyte [45] and supplies the required ionic conductivity. 8 mol% YSZ has an oxygen
ionic conductivity of 0.164 S cm™ at a temperature of 1000 ‘C [46]. The processing route for
porous Ni-YSZ electrode has been well-researched and is widely utilised in industry. The
processing involves homogeneous mixing of NiO and YSZ powder, firing at high temperature
and finally the reduction of NiO to Ni during the operation of SOFC to create the porosity
required. Nevertheless, Ni-YSZ electrodes suffer from carbon deposition where there is
insufficient steam and sulfur poisoning when operating on natural gas, which drastically
reduce its electrochemical activity. It is hence essential to pre-process the natural gas when
using SOFCs with Ni-YSZ anode [47]. Due to the high electrochemical activity, mechanical
stability and its simple and mature manufacturing, Ni-YSZ remains very relevant today

despite emerging new materials.

For intermediate temperature (IT)-SOFC at 500-600 °C, Ni-gadolinia doped ceria (CGO)
anode and CGO electrolyte are popular choices. CGO is a MIEC at the reducing and high
temperature atmosphere. It becomes a MIEC at above 450 °C in reducing atmosphere and
shows a high ionic conductivity of approximately 0.5 S cm™ at 800 °C [48]. Also a catalyst
for carbon oxidation, CGO has been found, in combination with Ni as a cracking catalyst,
as a good anode for direct oxidation of dry methane [49]. The addition of Ni as the metallic

phase in the cermet compensates for the low electronic conductivity of CGO. Some studies
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also suggest that Ni promotes the uptake of hydrogen from the gas phase, enhancing the
surface limitations of CGO [1]. Despite its low mechanical strength, CGO reduces the carbon
deposition when using hydrocarbon fuels [50]. The extended reaction zone from TPBs to
DPBs in Ni-CGO fuel electrodes result in faster kinetics and hence Ni-CGO electrodes have
demonstrated excellent electrochemical performance. Steele [51] predicted a peak power
density of 400 mW cm™ at 500 °C for a cell with 25 pm Cey9Gdo1O195 (GDC10) electrolyte.
Many single cell measurements with Ni-CGO electrode and CGO electrolyte show promising
power density, 386 mW cm™ at 600 °C by Zhen et al. [52], 335 mW cm? at 550 °C by Fu
et al. [53]. In an anode-supported cell test, the polarisation resistance of the cell with Ni-
YSZ anode is 0.158 2 ecm?at 800 °C in humidified H,, which is higher than 0.072 2 cm? for

the cell with a Ni-CGO anode [54].

Table 1.1 summaries the pros and cons of other common anode materials.
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Table 1.1 The properties of common SOFC electrode materials

Property Material Advantage Drawback Reference
Ionic ScSZ High ionic conductivity (~ 0.1 S Phase transitions accompanied by [55]
Conductor cm™ at 850 °C for 10 mol% ScSZ) volume changes between 400 and
600 °C
La;—.Sr .Gai- Mg ,Os-05.+y High ionic conductivity and Formation of resistive phase due [56]
(LSGM) chemical ~ compatibility =~ with to chemical reactions between
MIECs LSGM and NiO
Electronic Cu High electronic conductivity and Conventional cermet fabrication [57]
Conductor reduced carbon deposition as a is not applicable due to low
poor catalyst for C-H bond melting point of 1083 °C
activation
Ru Good catalyst for hydrocarbon Expensive precious metal (used as [58]
reforming to prevent carbon a catalyst layer with a low loading
deposition of 2 mg cm™?)
MIEC Doped SrTiOs Stable towards redox cycling and Low ionic conductivity [59]

good electronic conductivity in

reducing atmosphere
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Nanoscale engineering of the microstructure is a promising method to improve the fuel
electrode performance as a result of the increase in TPB density. Kishimoto et al. observed
a significant increase in TPB density to 18.4 pm™ for a nanoscale Ni-CGO electrode as
compared to 2.5 pm™? for conventional Ni-YSZ [60]. A mathematical model by Janardhanan
et al. based on particle geometries also predicted a TPB density increase by 10 times when
the particle size of the ionic and electronic conducting phases were reduced from 5 pm to 1
nm, with a fixed porosity of 35% [61]. Also, adding nanoparticles with large catalytic surface
area inside the fuel electrode leads to additional catalytic activity. Adding ceria
nanoparticles in a traditional Ni-YSZ SOFC anode was found to enhance the sulphur
tolerance of the electrode, sustaining a power density of 220 mW cm™ at 0.6 V in humidified

H, containing 40 ppm H,S at 700 °C for 500 h [62].

Operating in the temperature range from 500 °C and 1000 °C poses many challenges in
materials selection in order to ensure long-term stability of the system. For Ni-YSZ
electrodes, the high sinterability of Ni is undesirable as it reduces the contact area between
Ni and YSZ, and therefore the TPB density. Ni coarsening at high temperature can also
cause a reduction in the connectivity of Ni network and consequently the conductivity.
Simwonis et al. reported a conductivity decrease of porous Ni-8 mol% YSZ anode cermet
from 3900 S cm™ to 2600 S cm™ after exposure in Ar-4% H»-3% H.O at 1000 °C for 4000 h,
which is directly linked to a shift in the Ni particle size distribution towards larger particles
[63]. With nanostructured SOFC anode, the coarsening is expected to be worse due to the

high surface energy of nanoparticles.
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1.5 Objectives of the Thesis

Enhancing electrochemical performance is an important aspect for cost reduction in SOFC
units and introducing nanoscale electrode features offers a practical solution to this.
Ensuring a long life-time for SOFCs is another key aspect for commercialisation.
Fundamentally, at the SOFC cell or stack level, it requires retention of the integrity of the
structure during long exposure to high temperatures. The project seeks to investigate the
microstructure of high-performance nanostructured Ni-based cermet electrodes and nickel

coarsening in the electrode.

To understand the high performance and degradation behaviours of the nanostructured Ni

cermet electrode, three research questions are raised.

1) What are the impacts of nickel nanoparticle coarsening in the electrode’s
electrochemical performance?

2) Will the nanoparticles be preserved in the high temperature operating conditions
between 600 to 1000 °C for SOC applications?

3) Does the microstructure of the cermet influence the coarsening behaviours of the

nanoparticles?

To find the answers for the questions above, which are the general objectives of this thesis,

the specific objectives are set as follows.

1) To study nickel coarsening at high temperatures (600 °C to 1000 °C), by looking into

the morphology of nickel after aging;

2) To compare nickel-zirconia and nickel-ceria composite anodes fabricated using

impregnation and co-sintering of composite nanoparticles;
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3) To monitor the real-time electrochemical performance of the nano-structured Ni cermet

electrodes with non-destructive measurements;

4) To relate the electrochemical performance of nano-structured Ni cermet electrodes with

the microstructure and clarify the different mechanisms contributing to the ASR.

In the thesis, the literature on nanostructured Ni-based cermet electrode and nickel
coarsening is reviewed in Chapter 2. Chapter 3 elaborates the main characterisation
methods used in the project. Chapter 4 studies the degradation in Ni-impregnated Scandia-
stabilised Zirconia (ScSZ) electrodes at three different aging temperatures. Chapter 5 focuses
on the fabrication and performance of nanoscale Ni-YSZ electrodes using nanocomposite
powders made by continuous hydrothermal flow synthesis (CHFS). Chapter 6 investigates
the high temperature degradation behaviour of the nanoscale Ni-YSZ electrodes described
in Chapter 5. Chapter 7 applies the fabrication route developed in Chapter 5 to nanoscale
Ni-CGO electrodes and looks briefly into the stability of the electrodes. Chapter 8 draws a
conclusion on performance and stability of nanostructured Ni-based cermet electrode for

SOFC applications and Chapter 9 outlines the future work.
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2 Literature Review

This chapter reviews the properties of the nanostructured Ni-based SOFC anode, comparing
the anode microstructures resulted from different fabrication techniques. The
electrochemical performances of the anodes are discussed in line with their microstructures.
The mechanisms of Ni coarsening and the various methods to minimise Ni coarsening are

summarised.

2.1 Fabrication Techniques of Nanostructured Anodes and

Their Electrochemical Performance

Nanostructured electrodes have much larger active surface area as compared to the
conventional micron-scale electrodes for SOFCs. Simulations have proved that reducing the
particle size of the nickel and ceramic phases leads to an increase in TPB densities. A
geometrical model adopted by Janardhanan et al. for porous composite electrodes predicted
that with 50% porosity, the TPB density increases from 1 to 15 pm™ when the particle size

of the mono-dispersed particles reduces from 5 to 1 pm [61].

Impregnation is a promising fabrication route to enhance the electrochemical performance
of SOFCs. It is one of the most widely-used laboratory methods to introduce nanoparticles
in the electrode structure. Impregnation, sometimes referred to as infiltration, is carried out
by dripping metal nitrate solutions onto porous scaffolds and allowing the nitrate to spread

into the scaffold by capillary action. The infiltrated electrodes are then heat treated to
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decompose the nitrate to oxide. The above-mentioned process is then repeated until a
sufficient loading of the impregnated oxides is achieved [64]. The size of impregnated Ni
particles on CGO scaffold was reported in the range of 100 — 300 nm [60]. The size of
impregnated CGO and YSZ particles on Ni was also reported in the range of 100 — 300 nm
[65]. The impregnated particles have uniform size distribution and are well dispersed [66].
Impregnation is a very versatile fabrication method and because it does not require high
temperature sintering, it opens up the possibility to incorporate catalytic particles with low
melting points such as Cu [67][68]. However, the process is time-consuming as it requires
several infiltration-calcination cycles to achieve percolation of the phase, because the
porosity in the SOFC electrode is much lower than the porous support used in catalysis

[64].

Impregnation has been shown to produce electrodes with superior electrochemical
performance compared to the conventional route. For example, impregnating
LagoSro1GaosMgo20sq with nickel produced an electrode with ASR of only 0.008 Q c¢m? at
650 °C [69], much lower than the ASR of 0.05 Q c¢m? for a similar electrode produced by
the conventional route. With nano-YSZ impregnation in nickel-cermet anode, the
overpotential reduced from 195 mV to 63 mV at 200 mA cm™? at 900 °C and the polarisation
resistance from 1.9 Q cm? to 0.5 2 cm? [70]. Impregnation of copper and cerium nitrate into
Ni-based cermet anodes suppressed carbon deposition when the cell was fed with methane
[71]. Infiltrating palladium reduces the area specific resistance of Ni/CGO anode as shown
in Figure 2.1. The catalytic activity of infiltrated palladium at different loadings indicated
on the Nyquist plots was found to promote the hydrogen oxidation reaction. Rh, Ni and Fe
were also found to act as catalysts for anode reactions [72]. Moreover, infiltrated nickel

particles showed no dimensional change after one redox-cycle, suggesting enhanced redox
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stability [73]. The impregnated electrodes also have a better thermal expansion coefficient

match to the dense electrolyte which reduces the risk of electrode delamination [74].
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Figure 2.1 Nyquist plots for the hydrogen oxidation on Pd-infiltrated Ni-CGO cermet anode

at different PdO loading in 97% H, and 3% H.O [75].

Over the last few years, studies have been done to study the optimisation of
microstructures in infiltrated electrodes. Yuan et al. reported that replacing YSZ scaffold
with Sr-doped LaFeO; (LSF) and YSZ composite scaffold reduced the infiltration cycles
from 8 to 2 to reach the target ASR 0.1 Q cm? at 700 °C [76]. Atomic layer deposition was
also used to deposit La»Os in infiltrated LSF-YSZ electrode, which improved the ASR
from 0.4 to 0.2 Q cm? at 600 °C [77]. Gorte summarised their research and pointed out the

ALD coating needs to be of the correct thickness to stabilise the infiltrated nanostructure
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and single infiltrations as surface modification with low loading (e.g. 3 wt%) of infiltrate
can significantly reduce polarisation resistance [78]. Gao et al. found that the nickel
loading is optimal at 12.3 vol% which gives the maximum power density for a cell with
Ni-infiltrated LSGM anode [79]. The density of infiltrated Ni nanoparticles needs to be
high enough to form good particle-particle contact but not too high to completely cover
the surface of the ionic conductor. Nicholas and Barnett also developed a geometry model
as an SOFC infiltrated cathode design tool which calculates the infiltration loading (vol%)
to achieve the lowest polarisation resistance in MIEC-infiltrated on ionically conducting
scaffold [80], [81]. In the meantime, Shah and Barnette proposed power low models for
predicting the degradation in infiltrated CGO air electrode [82]. Overall, the
microstructure of infiltrated electrodes has been better understood and simulation tools

have also been developed to facilitate the infiltration techniques.

Thin film techniques such as chemical vapour deposition (CVD) and electrochemical vapour
deposition (EVD) are sometimes used in making Ni-based nanoscale electrodes for SOFC
applications as well. In the vapour deposition process, a reactive gas carries the precursors
of the materials to the substrate and reacts with other gases or decomposes to deposit the
precursor materials onto a substrate in the form of a film [83]. Ying et al. [84] developed a
combustion CVD route to make Ni-CGO electrodes with 50 nm particle size and the
polarisation resistance of the cell with Ni-CGO anode and SmgsSro;:CoOsis (SSC)-

Smo1Cen9Os15 (SDC) cathode is as low as 0.17 © cm? at 600 °C.

Exsolution of metal particles has recently attracted much attention in generating
nanoparticles on oxide surfaces, especially nickel particles deposited on perovskite oxides.
The exsolution takes place when the catalytically active transition metals substituted on

the B-sites of perovskite oxides (ABOs) in oxidising conditions was exposed to reducing
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condition. The metal particles are released onto the surface and partially embedded. They
appear as periodic array of metal nanoparticles [85]. The exsolved Ni particles are typically
several 10 nm in size and the interactions between the metal particle and the parent oxide
limit coarsening and coking during SOFC operations [86]. The polarisation resistance of
PrBaMn; 7Nip 3055 with exsolved Ni nanoparticles on the oxide surface is 0.099 € cm? at
800 °C in humidified H, and constant current density under a constant voltage of 0.6 V at
700 °C in H, for over 200 h [87]. Though the exsolved Ni particles are not percolating, they
are promising as good catalytic materials in SOFC anode due to the high stability of the

exsolved nanoparticles [88].

It is worth mentioning that tape casting and screen printing are the two most common
manufacturing process for SOC electrodes and are well-established in industrial fabrication
[89] [90]. They are easy to implement and cost effective. Both fabrication methods involve
mixing the powders of NiO and the ionic conductor phase and formulating the powder into
an ink with sufficient solid loading and suitable viscosity. The ink was then cast or printed
onto the electrolyte substrate and fired at a high temperature (above 1000 °C). Most of the
screen-printed and tape-cast SOFCs reported in literature have particles in the micrometre
range [91][92]. The challenge to fabricate nanoscale electrode materials using tape casting
and screen printing is the low green density of the cast/printed film and the different
sintering kinetics of the nano-sized particles as compared to conventional micron-sized

particles [93].

Despite the difficulties in ink formulation, attempts have been made to fabricate composite
nanopowders for SOFC anodes. Nanosized Ni-YSZ composite particles were synthesised by
co-precipitation of the constituent metal hydroxides. ZrOCl; - 8H,O, Y(NOs)s - 6H.O and

Ni(NOs), - 6H,O were used as precursors in de-ionised water and added dropwise to NaOH
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solution to make the precipitate. The precipitates were then washed, dried, pulverised and
calcined at 1000 °C. In the screen-printed Ni-YSZ anodes made from the co-precipitated
powders, the particle sizes were between 200 — 400 nm as shown in Figure 2.2 and the
polarisation resistance of the anode was 0.36 Q cm? at 800 °C in 3% H>O-H, under OCV
[94]. NiO-YSZ nanocomposite powders made using different precursors shows similar grain
size of 200 — 400 nm and polarisation resistance of 0.23 2 cm? at 800 °C in the resultant Ni-
YSZ electrode [95]. Song et al. also showed that the co-precipitated NiO-YSZ nanocomposite
increase the maximum power density of 0.87 W cm™? at 750 ° in comparison to 0.73 W cm-

2of the conventional composite power [96].

S nm

Figure 2.2 SEM image of the Ni-YSZ anode made from the co-precipitated nano-sized

composite NiO-YSZ powder, reproduced from [94].

Another chemical fabrication route for nanocomposite powder is the hydrothermal method.
The reactants are placed into an autoclave filled with water and the reactions are carried
out under high temperature and pressure. This method utilises the solubility of the
precursors at high temperature (~ 200 °C). For example, Ni(NOs)s - 6H.O and urea were

dissolved in water and ethanol and heated in a sealed autoclave to 90 °C to produce Ni(OH)s.
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The product was then calcined at 450 °C to yield submicron flake-like agglomerates with
nanocrystal NiO of 2-3 nm [97]. The advantage of the hydrothermal synthesis as compared
to the co-precipitation route is the oxides can possibly be directly precipitated from the
heated solution without drying and calcination. This prevents excessive agglomeration
caused by heat treatment. Typical hydrothermally synthesized oxide nanoparticles have
high surface area approximately 100 m? g and grain size approximately 10 nm [98] as shown
in Figure 2.3. A single cell with Ni-CGO nanocube composite anode synthesised
hydrothermally showed a higher power density of 97 mW cm™? at 600 °C compared to the
67 mW cm? for a conventional Ni-CGO powder and a decrease in anode’s polarisation
resistance from 0.58 to 0.14 Q cm? [99]. Similar improvement in power density was also
observed in Ni-CegsSm2019 (SDC) electrode synthesised hydrothermally in comparison to
the conventional solid mixing route [100]. Combining both the co-precipitation and
hydrothermal processes will give the benefits of yielding oxide directly in a continuous
reactor. The hydrothermal flow system will also enable thorough mixing of the different

oxide precipitates [101].
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Figure 2.3 Transmission electron microscopy (TEM) images of the hydrothermally

synthesized nanoparticles of CGO (a) [99] and 70 mol% Ni- 30 mol% SDC' (b) [100].

2.2 The Stability of Nickel in Nanostructured Electrodes

The morphology of the nickel and ceramic composite plays a significant role in SOFC’s
electrochemical performance. Bieberle and Gaukler [102] showed that Nyquist plots of Ni-
YSZ anode fabricated using screen printing, nickel sputtering and electrostatic spraying
were very different. The different impedance data were a result of different nickel-ceramic
morphologies. Adding to the complication is the evolution of the nickel phase with time
during high temperature operations. It is hence important to study the structural relations
between nickel and ceramic phase, which will in term determine many microstructural
features such as TPB length, tortuosity and porosity. Ultimately, the morphology and its

evolution in the anode influence the cell’s power density and stability.

29



2.2.1 Nickel Coarsening and its Thermodynamics

Nickel coarsening in a composite anode structure is the growth of larger nickel grains at the
expense of small grains driven by the reduction of the Gibbs free surface energy. The Gibbs-
Thomson equation [103] shows that the chemical potential is inversely related to the radius
of the particle and therefore large particles are energetically favourable. The partial

derivative of Gibbs free energy G is related to the radius of the particle r by:

G _ oy 2w
— =Gy + ~ (2.1)

with n representing the number of atoms in a particle, G, the Gibbs free energy per atom,
y the surface energy and v the average atomic volume. Thermodynamically, Nickel atoms
tend to move from high curvature regions to low curvature region to reduce the chemical

potentials.

In a nickel-ceramic composite, the coarsening of nickel is also related to the interfacial
energy between the nickel and ceramic phase. Phase field simulation has shown that
lowering the interfacial energy between nickel and YSZ from 1.8 J m2 to 1.2 J m™?
prevented about 10% TPB length reduction over the initial 100 hours of coarsening [104].
The contact angle between nickel droplets on YSZ in a 4% Hx>-Ar atmosphere at 1500 °C is
112-117° [104][105], which is undesirably large. The poor wettability between the Ni and the
ceramic phase adds onto the effect of Ni coarsening in the cermet structure as simulated by

a continuum diffuse-interface model [106].
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2.2.2 Mechanisms of Nickel Coarsening

Three possible transport mechanisms have been proposed for nickel coarsening: evaporation-

condensation, bulk diffusion and surface diffusion.

Evaporation-condensation is expected with a high nickel vapour pressure [107]. Studies have
revealed local enrichment accompanied by local depletion of nickel content in cermet anodes
[108][109]. Transmission electron microscopy images of Ni/YSZ anode thin foils showed that
the exposure to 98% H, and 2% H,O, as compare to pure H», exacerbated the nickel
agglomeration to an extent that nickel grains came detached from the cermet backbone
[110]. The vapour equilibrium diagram [109] showed that Ni(OH); is the most volatile nickel
species in a mixture of hydrogen and water vapour and the gaseous nickel-containing vapour
pressure increases rapidly by a magnitude of 10* when the H.O content increases from 0 to

20 % (Figure 2.4).
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condense at a different location in the cermet structure.

Figure 2.4 Vapour equilibrium diagram of nickel species with excess solid nickel [109].

Water is commonly present in the anode gas as a product of the oxidation reaction.
Adsorption of OH on the nickel surface and subsequent diffusion from the surface to the
bulk was recognised as anodic hydroxylation [111]. Hydroxide ions at the hot surface of
nickel are present due to water dissociation at high temperatures. Adsorbed OH-forms nickel

hydroxide with nickel, which then likely to evaporate at a location, being transported and

Surface diffusion is defined as movement of atoms in the top few lattice layers within a
thickness of 1nm [104]. Nickel surface diffusivity is of the order of 10" m?s!, nearly six order
of magnitude greater than its bulk diffusivity at 1100 °C [112][33][34]. Nickel hence
preferentially diffuses over the surface than through the bulk. The difference in curvature
between large and small particles gives rise to a difference in vacancy concentration AC
[115]. This concentration gradient results in a vacancy flow according to Fick’s law. Hence,

surface diffusion j between two particles with distance Az can be expressed as:



j=D, =< (2.2)

YV Ax

Where D, is the diffusion coefficient of vacancy. The model from Vassen et al. [116] based
on Fick’s law and surface diffusion predicted a 23% growth of nickel particle size after
10,000 h of operation at 800 °C. This great extent of growth assumed that surface diffusion

is the dominant coarsening mechanism.

Recent observations in microstructural evolution of Ni by 3-D imaging indicated that Ni
coarsening takes place in the time scale of a few hours and is less prominent after the
particles become isolated [117]. The findings suggest surface diffusion is the dominant
mechanism for nickel coarsening, as compared to the evaporation-condensation mechanism,

especially when the partial pressure of water vapour is not significant.

2.2.3 Influencing Factors for Nickel Coarsening

Growth of nickel grains becomes noticeable above a threshold temperature, which was found
to be 473K by Ebrahimi and Li [118], and 593K by Thuvander et al. [119]. Both
temperatures fall below the usual operational temperatures of SOFCs and thus grain growth

is expected in nickel ceramic composite anodes.

Previous studies indicated nickel agglomeration is related to the operation temperature and
reduction temperature. Reduction of nickel oxide for the anode cermet at 550 °C and 750 °C
produced nickel clusters due to reassembly of nickel after reduction was completed. The
cermet, reduced at 650 °C, on the contrary, produced a homogeneously distributed nickel
phase and a high power density of 0.5 W e¢m™? and a low area specific resistance of 0.5 2

cm? at 850 °C [120]. 180 nm-thick nickel thin films sputtered onto TiO>-doped YSZ
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substrates agglomerated when annealed at 1173K but stayed in its original state at 773K.
When the nickel films were reduced to 80nm in thickness, agglomeration was observed at
773K as well [121]. Coarsening is suggested to be a thermally activated process and
transport on the surface is faster than in bulk. Attempts have been made to fit the nickel
particle growth with an Arrhenius equation [120]-[124]. Iwanschitz et al. [122] proposed a
modified Arrhenius relationship between the nickel particle radius r in nm and the reduction

temperature T in Kelvin from a 24 h isothermal aging experiment.

_Ea

r=71,+ Ae RT (2.3)

Equation 2.3 was fitted to the measured radii of nickel particles from 50 wt% Ni-CGO and
70 wt% Ni-CGO anode reduced and annealed for 24 h at different temperatures from 500 °C

to 1000 °C. The fitted and measured data are in good agreement.

Based on the theory of a vacancy gradient due to curvature, coarsening is expected to be
more severe when the particle size distribution is wide. When exposed to humid gas for 2286
h, the particle size distribution of nickel in a Ni-CGO anode showed a fast shift towards
larger particle size during the first 200 h and the rate of change slowed down afterwards
due to disappearance of particles smaller than 300nm [125]. Observations by X-ray nano-
tomography also shows a similar aging trend by measuring the mean nickel phase diameter,
suggesting the large size difference between the particles promotes nickel coarsening [126].
Additionally, the amount of nickel in the cermet can also affects the rate of coarsening.
Klemensg et al. [127] showed the nickel content is a decisive factor in determining the extent

of degradation over time.

The presence of water vapour not only enhances the formation of volatile nickel species but

also might increase the surface diffusion coefficient of nickel [128][124]. Porous Ni-CGO
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anodes in humid atmosphere with 60 vol% H.O showed a high nickel particle growth of 280%
during the first 200 h whereas the equivalent anode under dry conditions with 97 vol% N

and 3 vol% Hs: showed a much lower growth of 2% over the same period of time [125].

2.3 Impact of Nickel Coarsening on Electrochemical

Performance

The direct impact of nickel coarsening is the reduction of TPB density. X-ray tomography
images reported by Kennouche et al. [129] showed a continuous decrease in active TPB
density in a Ni-YSZ anode as the average nickel particle size increased from 650 nm to 950
nm. Simulations of ASR have shown that the ASR is mainly determined by the triple phase
boundary density [60], [130]. As a result of coarsening, a reduction of TPB length from 1.84
pm? to 1.34 pm™ was observed in Ni-YSZ anode after the cell stack operated for 1900 h at
800 "C, accompanied by a stack degradation rate of -54.0 pV h* [131] at constant current
density. A metal-supported SOFC with Ni-CeysSmg202.5 (SDC) infiltrated anode showed a
rapid voltage decrease from 0.804 V to 0.645 V at 700 °C with a current density of 0.86
Acm™ but was stable at 600 °C and 0.4 Acm™ [132]. A further 175 h stability test at 700 °C
led to an increase in polarisation resistance from 0.24 to 0.36 Q2cm?, which was associated

with TPB reduction in the infiltrated anode coatings.

Nickel coarsening also causes a drop in electronic conductivity due to the interruption of
nickel connectivity. Nickel coarsening led to a decrease of 33% of the initial electrical
conductivity after exposing porous Ni-8YSZ anode cermet to wet hydrogen at 1000 °C for
4000 h [63]. In the study of Simwonis et al. [130], nickel particle size increased by 26.0%
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while the number of particles decreased by 37.1% after coarsening. The loss of nickel-nickel
contact cut off some electronic paths. The increase in particle size due to nickel coarsening
reduces the contact area between the nickel and the electrolyte, and also the percolated

TPB length.

Nickel agglomeration is expected to be more prominent in nickel impregnated electrodes
due to the presence of small particles and therefore larger thermodynamic driving force.
Impregnation introduces nano-sized particles into a porous YSZ scaffold due to a lower heat
treatment temperature. The impregnated particles were in the range of 100-300 nm for Ni-
impregnated YSZ scaffold, much smaller than the typical 1-2 pm in a typical cermet [70].
In the studies of U.P. Muecke et al. [133], while nickel-CGO with 16 nm nickel particle size
exhibited a degradation of electrical conductivity of about an order of magnitude when
dwelling at 560 °C for 1630 h, an equivalent film with 53 nm nickel particle size showed
stable electrical conductivity throughout. The tendency to agglomerate for nanoparticles to
reduce surface energy[192] also makes it difficult to preserve the nano-scale microstructure

during the high temperature sintering in conventional SOFC electrode fabrication.

Interestingly, X-ray tomography analysis on a Ni-YSZ electrode at its pristine and annealed
state showed that the pore connectivity improved as a result of nickel coarsening. This
opening-up of new accessible pore space connected some originally isolated TPBs and
mitigated the effect of TPB reduction[117]. Mogensen and Skaarup suggested the rate
determining step of electrochemical reaction in SOFC occurs at the TPBs or the adjacent
YSZ surface [134]. 3-D tomography of Ni-YSZ composite electrodes with varying YSZ
content showed that even though electrodes with 30 wt% and 40 wt% YSZ showed similar
active TPB density, their polarisation resistance differed by approximately a factor of 2 and

this was associated to the difference in YSZ tortuosity [135]. The connectivity of the YSZ
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phase is hence found to be critical in determining the electrochemical performance. Though
the ceramic phase in the cermet is generally regarded as stable during the high temperature
operations, some studies indicate coarsening can happen in the nanoscale ceramic phase as

well, which can influence the electrochemical performance.

Long-term SOFC cell tests(>1,000 h) have been mostly carried out on cells consisting of
micrometre-sized Ni-YSZ particles [27], and the limited number of studies on the stability

of nanoscale Ni-cermet electrodes necessitates further investigations.

2.4 Method to Inhibit Nickel Coarsening

The ceramic phase is often regarded as rigid because of its low mobility[117], with its surface
diffusion coefficient approximating to 3x10%¢ m?s!at 1100 °C[114]. The ceramic phase
therefore functions as a fixed scaffold in the composite structure. The ceramic matrix is
expected to have a pinning effect on nickel grains. When annealed at 1000 °C for 10 hours,
the average particle size of nickel was 350 nm for 20 wt% Nickel in CGO and 730 nm for
pure nickel. An increasing trend of average particle size was observed when the nickel
content increased from 20 wt% to 100 wt% [133]. A two particle model [136] with an
additional term accounting for the limited growth space for nickel in the anode predicted a
surface diffusion coefficient of 1.3 x 102 m?s'at 800 °C, which is much smaller than the
surface diffusion coefficient with an order of 10°m?s determined by Blakely et al. [137] for
pure nickel. The discrepancy is attributed to the introduction of the maximum particle
radius as a result of pore volume constraint. Hence, the ceramic phase is believed to provide
microstructural stability by reducing the sintering and coarsening of the nickel metal phase

[67][138][126]. Study on mesoporous Ni-CGO composites by Almar et al. [139] found that
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good connectivity between ceramic and metal networks enhances the stability of the
electrode at 800 °C. Modifying the microstructure of the nickel ceramic composite can
improve the durability of the cell. Skarmoutsos et al. [140] demonstrated that a 40 vol%
Ni/8YSZ anode cermet with 40 vol% porosity experienced only 8% conductivity decrease
after 1000 h at 1000 °C. However, one with 20 vol% porosity experienced 21% decrease,
which correlated to an increase in average diameter of nickel particle from 1.56 pm to 3.11
pm observed in optical images. This was attributed the large pore-size to nickel-particle-
size ratio for the 20 vol% porous cermet, which provided more free volume for nickel

agglomeration.

Addition of TiOshas also been reported to stabilise Ni nanoparticles. Tiwari and Basu found
[141] adding 4% TiO: to Ni -YSZ anode-supported cell maintained a power density of 400
mW cm?under annealing and redox cycling for 94 h and attributed this stability to the
interaction between Ni-TiO,through the transfer of electron from Ni to vacant oxygen site
in TiOy. Also, impregnating a layer of oxide particles around NiO in the cermets has been
shown to inhibit the sintering of the later Ni particles in the cermet. Jiang et al. [142]
reported that impregnating samaria-doped ceria (SDC) nanoparticles around 100 nm in a
Ni-YSZ cermet eliminated the Ni agglomerates larger than 2 pm originally observed in the
Ni-YSZ cermet after the fuel cell testing. It has also been also shown in studies that coating
on the nickel particles, especially ceria nanocoating, can effectively suppress nickel

coarsening [143][62].

The interfacial energy between nickel and the ceramic phase plays a role in determining the
nickel stability. At the TPB, the Young-Laplace equation can be applied to relate the
contact angle 6 from the surface and interfacial tensions y between nickel and the

electrolyte phase.

38



yelectrolyte = yNi/electrolyte + yNiCOSH (2'4)

Modification on the wetting angle between the nickel and the ceramic can influence the Ni
coarsening. A phase field model by Jiao and Shikazono [138], which simulates nickel
coarsening in FIB-SEM 3-D reconstruction of Ni-YSZ electrodes, shows that decreasing the
wetting angle of Ni on YSZ surface resulted in less isolated Ni. Experimentally, alternating
lamellae of porous Ni and YSZ with a layer thickness of 200 nm prepared with different
crystallographic orientation revealed that the formation of a lowest-energy interface in the
Ni-YSZ system at a reduction temperature at 800 °C leads to good thermal stability of the
cermet. No apparent evolution of microstructure, nickel in particular, was observed after

aging at 900 °C for 300 h [144].

Kishimoto et al. [145] showed that TiO, doping of YSZ can suppress nickel agglomeration
when the nickel particles have an average diameter of 800 nm. The average nickel particle
size per unit area observed in back-scattered electron images were 3.842 on an YSZ substrate
but decreased to 3.480 on a TiO, doped YSZ substrate. Meanwhile, a lower contact angle
6 was also observed for TiO. doped YSZ substrate. The surface modification lowered the
Ynijvsz interfacial energy, which then reduced the contact angle and the equilibrium nickel

particle size.

Structural manipulation on the interface between the nickel and the more rigid ceramic
phase has been shown to enhance the stability of nanoscale electrodes. A nano-
heterogeneously structured Ni-YSZ electrode developed by Kim et al.[146], with 10 — 30 nm
nano-sized Ni and YSZ coating on 0.3 pm YSZ powders, was stable at 800 °C for 550 h of
operation with a cell voltage of 0.8 V under a load current of 1 A em™. The grain growth of
nickel was inhibited by the neighbouring nano-sized YSZ in the mixture. Kim later

demonstrated durability of the anode made of the nanocomposite with only nickel nano-
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coating on YSZ for over 530 h [147]. This electrode made by micron-sized YSZ with nano-
sized nickel coating showed stable electrical conductivity at about 1300 S cm™ after 20
thermal cycling from 800 °C to room temperature [148] as shown in Figure 2.5. Itoh et al.
investigated sintering nickel with 20 wt% coarse YSZ power and 80 wt% fine YSZ power
and showed a steady overpotential of the anode up to 5000 h [149]. SEM images reproduced
in Figure 2.6 suggested fine YSZ bridged around nickel particles, locking them in place. The
fine YSZ particles formed a network in-between the coarse YSZ particles to maintain
structural stability. This fine YSZ network also preserves the porosity of the anode in
reducing atmospheres, with less than 1% decrease in porosity after dwelling at 1273K as
compared to 20% for the reference anode. Particle size was also shown to play a role in
determining the electrical conductivity. The anode with 80 wt% coarse YSZ showed a stable

conductivity of 700 S cm™ over 300 h in the dual-size structure in Figure 2.6.
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Figure 2.5 Electrical conductivity of the nickel nano-coating anode synthesized by Pechini

process and the conventional Ni-YSZ anode after thermal cycling [148].
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Figure 2.6 Secondary electron images on the cross section of a sintered Ni-YSZ
anode before reduction (top row) and after reduction (bottom row) showed large
zirconia particles about 20 pm in diameter and small nickel particles about 1 um in

diameter surrounded by a fine zirconia framework [149].

2.5 Conclusions

Various fabrication routes have been used to produce nanostructured Ni-based electrodes.
Solution impregnation has been the most popular amongst the research community due to
the capability to incorporate a wide range of materials at a relatively low temperature. Tape

casting and screen printing are common in industrial practice due to their cost effectiveness.
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Fabrication of the nanocomposite powders for ink formulation is challenging but progress

has been made based on the co-precipitation and hydrothermal methods.

Nickel coarsening takes place through mainly surface diffusion and is accelerated by the
evaporation and condensation of volatile Ni species, mainly Ni(OH),, in humidified
atmosphere. Atomically, the surface diffusion follows Fick’s Law. Nevertheless, the rate of

coarsening is often modelled by Arrhenius equations to describe the trend of particle growth.

Nickel coarsening causes both a reduction in TPB density and in nickel connectivity. The
two microstructural changes will lead to a decrease in electrochemical reaction rate and
electrical conductivity, which affects current collection. Coarsening is expected to be worse
in nanostructured electrodes because the high surface energy of nanoparticles leads to a

high tendency to agglomerate.

The attempts to suppress nickel coarsening in the Ni-based SOFC electrodes include,
increasing the rigid ceramic volume in the cermet, introducing a coating layer on Ni, doping
to change the wetting angles and structural modification on the Ni and ceramic phase. All
methods show encouraging results in improving stability of Ni-based electrodes. However,

the literature on enhancing the stability of nanoscale Ni-based electrodes is limited.
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3 Methodology

This chapter details the characterisation methods used in this study, especially focused ion
beam (FIB)- scanning electron microscopy (SEM) and electrochemical impedance
spectroscopy (EIS). FIB-SEM imaging is used to reconstruct the 3-D structure of nickel
electrodes before and after high temperature aging. Meanwhile, EIS is used to monitor the
polarisation resistance continuously during the aging. Other characterisation methods for

measuring powder properties, conductivity and phase information are briefly explained as

well.
3.1 Electrochemical Impedance Spectroscopy
3.1.1 Theory

In contrary to DC measurement, AC impedance can separate different physical processes
taking place at different characteristic frequencies. In terms of characterising SOFC
performance, EIS can reveal ohmic losses, electrochemical kinetics and mass transfer
processes. It is hence practical to use AC measurement to identify which physical process
in the anode is significantly influenced during the degradation process and model its

behaviour.

An AC signal with small magnitude is used to perturb the electrochemical cell and the
perturbation at steady state is measured. The EIS measurement was done via frequency
response analyser (FRA). The FRA generates a voltage signal to the potentiostat and this
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signal adds onto any existing DC bias and applied to the cell in a sum. The resulting current,
in reality a voltage signal proportional to the current, is then fed back to the analyser and
integrated over several single periods to yield the real and imaginary part of the impedance
[150]. The impedance plot with the real part against the imaginary part is called the Nyquist

plot.

In this study symmetrical cells, with two identical electrodes on a solid electrolyte in a
single atmosphere, are used for EIS measurement. Two-electrode measurement was used
with four probes on the symmetrical cell. The working electrode is where the current passes
and the counter electrode completes the current path. The reference electrode holds a
constant potential during testing to serve as a reference for the potential measurement. In
a two-electrode set up, the current leads and sense leads are connected at the same contact
points [151]. The working and the sensor electrodes are combined as one and so are the
reference and counter electrodes. Between the sensor electrode and the reference electrode,
the voltage drop across the whole cell is measured. The EIS measurement was carried out
under OCV, with zero bias. The realistic operating voltage for SOFC is 0.7 V, for optimal
electrical efficiency and power density. Due to the difficulties and inaccuracies of three-
electrode measurement in SOFCs [152], two-electrode measurement with symmetrical cells
at OCV is a less error-prone and easy-to-implement set up, which also gives reliable

indication of the electrode performance.

Typically for a SOFC electrode, the Nyquist plot of EIS response is similar to the spectrum
in Figure 3.1. The high frequency intercept is from the ohmic resistance of the contact
interfaces and the resistance of the electrolyte which happens at a high frequency outside
the measurable range under this test condition. The total impedance over a limited range

of frequency (normally 1M — 0.01 Hz), is associated with the electrode process as pointed
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out in Figure 3.1. In the electrode, two physical processes are happening at different
relaxation frequencies, the charge transfer (activation polarisation) at high frequencies and
the gas diffusion (concentration polarisation) at low frequency. To interpret the impedance
spectrum, an equivalent circuit model is built to quantify the physical processes. An R-CPE
component as shown in the inset of Figure 3.1 is very frequently used for SOFC electrode

process, when depressed semicircles are seen.

Zfr

A Rt R iff
=
—CPE—' —CPE

® increasing

Electrode process

@

- r

0 Rohm Hct + Rohrn Hdiff + Rct + Rohm

Figure 5.1 An example of a cathode-supported thin-film electrolyte cell with platinum as the

counter electrode. Modified from [150].

The equation for the constant phase element (CPE) is

_ 1
T Q)"

(3.1)

where () is the capacitance with the unit of F when the exponential term n = 1 and @ and n are
correlated. o is the angular frequency. When n # 1, the system is influenced by surface homogeneity,

or distributed time constants for reactions [153].
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The effective capacitance C.s can be calculated from CPE and the resistance R in the R-

CPE pair as explained in Equation 3.2

A Gerischer element [154]is often used in describing the behaviour of a mixed-ionic-and-

electronic conductor (MIEC) as

R
Z = o (3.3)

where 1 is the characteristic time for the reaction.

3.1.2 Rig Design

In SOFC EIS measurements, the gas flow and current collection in the set-up requires
careful design to avoid artefact response outside the electrode. Two rig designs were used
in this study and the first one with a closed chamber is shown in Figure 3.2. The body of
the cell housing (grey in the figure) is made from pyrophyllite machinable ceramic and
consists of two parts that are compressively spring-loaded to clamp the cell between the
current collector grids. The symmetrical cell is placed inside a pyrophyllite sample holder.
Inside the holders are two platinum meshes connected with platinum leads on each sides of
the cell to serve as current collectors. The lower part of the housing receives fuel gas through
a central circular aperture and then distributes it to the outer circumference of the housing
through a lateral channel. To reach the cell electrodes the fuel diffuses through the annular

gap (approximately 10 mm wide) between the two parts of the housing.
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Figure 5.2 The closed-chamber rig design for symmetrical cell measurement. The

symmetrical cell sits inside a pyrophyllite sample holder which is clamped by springs.

The advantages of this design are that the cells are mechanically protected, and it is very
stable during long-term measurement. The platinum meshes are only mechanically pressed
onto the electrodes, so the microstructure of the electrode’s top surface is preserved for
examination after the measurement. However, the design undesirably creates a thick gas
diffusion layer on top of the electrodes. Because of the slow lateral diffusion of the inlet gas,
the gas stagnant layer created this way can be as thick as a few mm. A gas stagnant layer
found by Primdahl and Mogensen is about 1mm thick in a three-electrode set-up with nickel
felt current collectors [23]. As a result, in this rig a polarisation resistance was observed
between 1 — 10 Hz caused by this gas stagnant layer outside the electrode and was
approximately 1 2 cm? The polarisation resistance is termed ‘gas conversion resistance’ as
first reported by Primdahl and Mogensen [21]. Similar polarisation responses were also
observed by Song et al.[155] and Bertei et al.[156] in the same rig design. This artefact

response can potentially overshadow the electrode response, especially when the electrode
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shows high performance with low polarisation resistance. Additionally, the aperture of the
platinum mesh is large in the 0.1 mm range in comparison to the feature size of the electrode
(10 — 100 nm). The higher mesh spacing will increase the conductivity required for the

electrode measurement proportionally.

To improve the cumbersome gas access and stringent conductivity requirement, a design
with open gas flow was made. This design as shown in Figure 3.3 allows easy gas access to
the electrode and better current collection. The inlet gas now blows sideways directly to the
edge of the symmetrical cells vertically fixed on an alumina platform. While it is still a
single gas atmosphere design, which can be managed by a single mass flow controller, the
flow rate of the gas around the symmetrical cell is accelerated as compared to the closed-

chamber design in Figure 3.2. The gas conversion impedance is greatly reduced.

Gas Inlet —
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Connection —— *
Channels

« Symmetrical Cell
® -  noraste

<

Platinum Wire

-

+«—— Alumina Platform

Figure 5.3 The open gas flow rig design for SOFC measurement. The symmetrical cell sits
on a groove in a cylindrical alumina platform. The inlet gas blows directly at the edge of

the symmetrical cell.

The current collection is made by porous nickel paste (for above 650 °C) or silver paste (for

650 °C or below) with platinum leads. The paste should be sufficiently adhesive to the

49



electrode surface and is able to withstand the high temperature. A cross-sectional SEM
image of the interface between the silver paste and the Ni-YSZ electrode polished by ion
beam is shown in Figure 3.4. The silver paste consists of percolating particles and pores of 1
pm in size, while the Ni and YSZ inside the electrode are of 10 — 100 nm. The aperture size
of the paste is 100 times smaller than the platinum mesh, and therefore a better current
collection is made without too much compromise in gas access. The reduced pore size in the
current collection layer, to some extent, causes a gas access issue but it is outweighed by
the benefit of open gas access after removing the parts needed for mechanically compressing

the mesh.

\4
»
¥
-
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Figure 5.4 Cross-sectional SEM image of the interface between the silver paste and the
porous Ni-YSZ electrode. On the left of the image is the silver paste (white) and pore (black),

and on the right of the image is the Ni-YSZ electrode.
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3.1.3 Transmission Line Model

A transmission line model (TLM) is often used to describe the behaviour of porous electrodes
[157]. The TLM used in this study has been detailed in the work of Bertei et al. [158] and
its schematics is shown in Figure 3.5. The charge-transfer reactions at the TPBs are
described by the Butler-Volmer equations and the gas transport in the pores of the electrode

is assumed negligible.

electronic resistance

4 interfacial
impedance

ionic resistance

Figure 3.5 schematics of a transmission line used in this study with parallel lines

representing the electronic conductor and the ionic conductor respectively.

The impedance for the distributed charge-transfer at the TPBs within the electrode is
obtained from the conservation equations of electronic and ionic current as depicted in

Figure 3.5 and Equation 3.4 along the thickness of the electrode.

dAi, . F .C
— = —Airpg — Al
dx TPB TPB
dAi, .F .C
P Airpp + Airpp (3.4)

x=0:Ai, = Al, Aip =0
X = Lgn:Al, = 0, Aip = Al
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ifrppis the faradaic exchange current across the TPBs and i“rpp the capacitive exchange
current. At the electrode/current collector interface z = 0, the electronic current i. is total
current [ and there is no ionic current 7,. At the electrode/electrolyte interface x = L, is

the reverse.

The Adler-Lane-Steele(ALS) model for simulating MIEC response in SOFC electrode is used
as well [159]. The ALS model is analogous to the TLM model described above, with

conservation equations of oxygen flux. The exchange reaction takes place at the DPBs

instead of the TPBs.

3.1.4 Distribution of Relaxation Times

The distribution of relaxation times (DRT) is a useful alternative for interpreting the EIS
data to facilitate the deconvolution of different processes. It extracts characteristic
distribution of EIS time scales by fitting the measured data Z at the frequency range to a

model impedance Zpprin Equation 3.5.

o g(1)
Zprr(f) = R, + fo —1+gl.2;ﬁ dt (3.5)

Where R, is the ohmic resistance and g(t) is a suitable function which describes the time
relaxation characteristic of the electrochemical system. The DRT model is composed of an
ohmic resistance and the sum of infinitely series of parallel R-C pairs. Finding the relaxation
time function g(t) from Z is mathematically complex and is explained in details by Wan et
al. [160]. After the transformation from Z(f) with respect to frequency to g(t) with respect

to time, the polarisation processes at different characteristic relaxation time are revealed as
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more separate peaks. Integration with relaxation time to obtain the area of a peak will give
the polarisation resistance corresponding to that peak. As shown in Figure 3.6, the DRT
curves shows distinct three peaks for the EIS measurement for the Ni-YSZ electrode. In the

Nyquist plot, the high frequency responses between 100 Hz to 10000 Hz overlap.

0.3 - ;
0.10
0.2 - |
0.08 |
— | 1000 Hz 100 Hz € ] r
g5 917 1Hz ¢ 0.06- v i
< 1000p Hz 5 | I
= 2 .
E 004 L £ 0.04 - i .
N [ ‘B -
| | ©
- o -
= 0.02 .
014 = -
= 1 B
= 0.00 | —
_0.2 T | T | T | T | T | T I T I Ll -_wrr’mmﬂmmmq_
04 05 06 07 0.8 09 1.0 1.1 01 1 10 100 1000 10000100000
Z(Re) (2 cm?) Frequency (Hz)

Figure 5.6 The Nyquist plot of a Ni-YSZ electrode at 800 °C in humidified 5% H2- N2 (on

the left) and its corresponding DRT plot (on the right).

3.2 Focused Ion Beam- Scanning Electron Microscopy

3.2.1 Theory

The FIB-SEM system is dual beam, combining both a high-resolution SEM and a second column
with an ion source of gallium (Ga). FIB uses highly focused Ga* beam to scan and cut the substrate

surface in a vacuum chamber. The bombardment of the ions on the surface transfers the kinetic
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energy to the electrons and atoms of the solid samples. Consequently, the surface is being milled by
physical sputtering of neutral and ionised substrate atoms, whereby the surface atoms are ejected
when the kinetic energy transferred is larger than the surface binding energy of the material.
Meanwhile, the electron emission enables imaging of the surface, but also adversely causes charging
of the sample [161]. To etch a desired shape, the beam is scanned over the substrate in programmed

positions.

In the dual beam FIB-SEM system, the SOFC sample is tilted as indicated in Figure 3.7. The two
beams are aligned at the point of interest and have a coincident angle of 54°. A trench is first dug
out by the FIB gun in front of the target volume to expose the cross section of the volume of interest

for electron imaging.

EM
:‘RHFIBH‘?,
Gold Observation
coating surface

Target volume

Figure 5.7 Schematic of the FIB-SEM set up for imaging SOFC' electrode. Modified from

[162].

Two types of electrons emitted from the specimen are used for imaging the SOFC electrode, the
secondary electrons and the back-scattered electrons. When the electrons from the emitter strike
the surface, they are scattered within certain volume under the surface of impact as shown in Figure
3.8. Within the top 5 — 50 nm, secondary electrons (SE) are generated and below that from 50 —

300 nm are the backscattered electrons (BSE). The two types of electron are collected by different
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detectors positioned separately located in the vacuum chamber. The contrasts in electron images

arise from the different numbers of electrons collected at each location of the specimen.
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Figure 5.8 The interaction zone of electrons and the specimen under the surface of impact

[163).

SEs, as the products of inelastic scattering with small interaction volume, have a higher resolution
than BSEs. SEs have signals for topographic information because the trajectory effects are significant
in SEs [164]. The trajectory effects originate from the variation on the specimen surface with
reference to the detector. An easy pathway from a specific surface to the detector will render the
surface to appear brighter and vice versa. In addition to the trajectory effects directly related to the
surface contours, the edges or inclined surfaces in the specimen will also appear brighter because

more electrons can escape from the edge than a flat surface.

BSEs are produced by elastic scattering and have an energy level close to the incident electrons.
While SEs reveal mainly topographic information, the BSEs are mainly affected by the atomic

number of the atoms at the site of interest. The backscatter coefficient, which is the ratio of BSEs
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to incident electrons, increases with the atomic number of the specimen area and therefore the area
with higher atomic numbers will appear brighter. The backscatter coefficient also depends on the
orientation of crystallographic planes with respect to the direction of the incident electrons. The
atomic packing density along a specific crystallographic plane influences the penetration depth of
the electron beam and consequently the backscatter coefficient. The deeper the penetration is, the

lower the backscatter coefficient will be.

It is worth noting that the detectors do not distinguish between SEs and BSEs. The common
detector is the Everhart-Thornley (E-T) detector. The E-T detector is normally located sideways in
the chamber as shown in Figure 3.9. When the detector is positively charged, it attracts signal
electrons, mainly SEs because they have low energy of 3 — 5 eV and are largely deflected by the
scattering. To collect the BSEs, either the ET is switched to be negatively charged to exclude
electrons less than 50 eV, which are the low energy SEs or another BSE detector located directly
above the specimen is used as the BSEs follow more direct paths as a result of elastic scattering. A
small number of BSEs are collected in SE signal collection setting and so are SEs in BSE signal
collection setting. Moreover, the SEs are slightly influenced by the chemical composition and so are
the BSEs by topography. It is hence sometimes possible to extract compositional information in SE

signals and topographic information in BSE signals.

56



BSE BSE

E-T
Detector

Specimen

Figure 5.9 Schematics showing the electron collection by an E-T detector. Modified from

[164].

In the Zeiss Auriga Dual Beam FIB-SEM system in this study, two types of detectors are used, the
in-lens detector and the energy selective backscattered (EsB) detector. The in-lens detector collects
mainly SEs along the path of the incident beam and located above the objective lens as shown in
Figure 3.10. The detection efficiency of in-lens detector is determined by the electric field of the
electrostatic lens. The EsB detector is an annular shaped in-column detector located above the in-
lens detector. It detects mainly high-energy BSEs as the low-energy SEs are deflected by the filtering

grid.
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Figure 5.10 Operations and positions of the in-lens and BsE detectors in the Zeiss Auriga

Dual Beam system. Modified from [165].

The accelerating voltage in the SEM determines the beam energy and consequently affects the
quality of the image. Joy and Joy [166] performed a Monte Carlo simulation of the electron
trajectories in the specimen to that the higher accelerating voltage and hence a higher beam energy
leads to a larger interaction volume in the specimen as shown in Figure 3.11. While a high
accelerating voltage can probe deeper into the bulk of the specimen, a lower accelerating voltage
focuses more on the interaction near the surface. A low accelerating voltage is preferred for detecting
fine surface features, including both chemical composition and topographic information. The low
energy of the incident electrons also reduce the charge-up, edge effect and surface damage by electron

beam [167].
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Figure 5.11 Interaction volume of electrons in carbon at 1, 3 and 10 keV energy beams

from Monte Carlo simulation [168].

For FIB milling, the spot size increases with the beam current [169]. The ion beam current is a
measure of the rate of ion delivery on the specimen with respect to time and hence a low current
should be chosen for fine milling. For cross section milling, a protective metallic layer is often
deposited onto the specimen to reduce the undesirable effect of ‘curtaining’ or ‘waterfalling’ as shown
in the porous Ni-YSZ specimen in Figure 3.12. The sputtering rate of the ion beam is sensitive to
local changes in surface topography and curtaining is very easy underneath a surface defect (pore
or crack) [170]. The metallic protective coating helps to smooth the surface to reduce this artefact

and increase the conductivity for SEM imaging.
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Figure 5.12 SEM image on top of the cross-sectional area of a porous Ni-YSZ electrode
after FIB milling, showing the protective gold coating and the curtaining effect. The SEM

image below shows a stronger effect of curtaining of a poorly milled cross section.

3.2.2 Sample Preparation

The symmetrical cells of the electrode of interest are vacuum impregnated with epoxy resin
(Struers). The vacuum was set at 0.9 bar for 11 h to cure the resin. The resin-impregnated
cell was then cut in parallel lines by high speed diamond saw (Accutom-50 Struers) at a
small feed speed of 0.01 mm s and rotation speed of 300 rpm, to ensure a smooth cut. Each
slice of the cell after cutting is about 2 — 5 mm in thickness. The slice was then placed onto

an adhesive carbon tape, with the cross section of the cell exposed for imaging (Figure 3.13),
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and top surface of the slice was coated with a protective layer of gold by plasma spraying.

The sides of the slides were painted with silver to complete the conductive coating.

Resin
Electrode
Electrolyte

Region of
Interst

Figure 5.13 Schematics of the whole specimen for FIB-SEM imaging (left) and a SEM image

of the specimen after the U-shape trench is dug out before imaging.

3.2.3 Milling and Imaging

After the alignment of the FIB beam, the SEM beam and the region of interest as shown
in Figure 3.7, a U-shape volume was first removed in front of the region of interest. The
FIB milling current was high when milling the U-shape trench, 5 — 10 nA for fast coarse
milling. As shown in Figure 3.13, the 20 pm U-shape trench was removed to expose the
cross section of the electrode and also allow easy disposal of the subsequent materials
removed during the slice-and-view process. When the trench is not sufficiently large, the
materials removed in the later stage will tend to re-deposit onto the surface and cover the

electrode surface with grey dust.
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After the trench was complete, the milling current was reduced to 120 pA, which
corresponds to 20 nm slice size per milling cycle (based on silicon as the standard material)
and the milling depth set to 10 pm. The first few milling cycles were expected to polish the
rough surface caused by the previous coarse milling. After a smooth surface had been
observed, a SEM image was taken on the electrode’s cross section after each FIB milling

cycle in the slice-and-view mode.

A low accelerating voltage of 1.5 kV was used for imaging because the phase contrast on
the 2-D surface milled by FIB is the main concern. For the porous Ni-YSZ electrode, in-
lens detector for SE signals was used for imaging, for the best resolution and contrast. The
resin-filled pores appear the darkest, followed by YSZ and lastly Ni the brightest. For the
porous Ni-CGO electrode, BsE detector for BSE signals was used for imaging. The resin-
filled pores appear darkest again, but the Ni appears grey and the CGO appears to be the

brightest.

3.2.4 Image Processing

For SOC applications, many studies have quantified the TPB density by 3-D reconstruction
of the electrode microstructure using FIB-SEM [193] and X-ray tomography [194][195]. 3-D
parameters, including the TPB density, are extracted from the reconstructed 3-D volume

of the selected region.

The images were first de-noised by an edge-preserving smoothing filter and then the slices
aligned in a stack. The alignment is done by an Iterative Closest Point algorithm that

minimises the root mean square distance between the corresponding points on the
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consecutive images. After that depending on how severe the curating effect is, a Fourier

transform filter may be applied to remove the vertical stripes in the images.

The brightness and contrast were then adjusted by examining the grayscale histogram of
the images in order to achieve the best distinction between the peaks representing the three
different phases (Ni, the ceramic phase and pore). A non-local mean filter was applied to
the images for smoothing and de-noising, which computed the average of all the pixels
weighted by the similarity between the pixel to the target pixel [171]. The brightness
gradient along the depth of the milling (the y-axis of the images) caused by shadowing of
the imaging electrons deeper down the trench is also corrected by an in-house programme.
The top region is dimmed, and the bottom region is brightened according to the linear
regression of the brightness along y-axis. After the alignment and image correction, the 3-
D image stack was segmented by Trainable Weka Segmentation which combines the
machine learning algorithms with the selected image features for pixel-based segmentations
[172]. The few pixels at the interfaces of the darkest phase and the brightest phase
unavoidably appear grey and are mistaken as the third phase by the segmentation algorithm.
Hence, one or two pixels of the grey phase is corroded and replaced by the pore phase to
remove this interface artefact. This will undesirably alter the microstructure slightly but
removing this interfacial artefact by increasing the resolution during SEM imaging will
increase the scanning time and consequently reduce the sampling volume. There is always
a balance between the image resolution and the sampling volume which needs to be

considered in FIB-SEM imaging.

The sources of errors in the image processing are from both the image segmentation and
the sampling volume. The image segmentation is dependent on the phase input selection

for training and therefore, each training can produce slightly different segmentation result.
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It is worth repeating the segmentation process for each image stack and calculate the
random error associated with the input selections. Additionally, it is worth mentioning that
the FIB-SEM sampling volume of approximately 500 pm?®is 9 order of magnitude smaller
than the actual volume approximately 150 x 10° pm?of the electrode. The sampling volume,
due to its limited size, may not be large enough to be representative of the whole electrode.
A quick analysis was done using the MATLAB plugin TauFactor[173] to check the
representativeness of each 3D volume by tracing the volume fraction of each phase as the
sampling size increases. An example is shown in Figure 3.14. The sampling volume is
regarded as representative if the trends of phase volume fractions converge quickly, which

is true for the case in Figure 3.14.
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Figure 5.14 An example of the representative volume check done on the FIB-SEM 5D volume
with a porous Ni-YSZ electrode. The volume fractions (on the left) are calculated jrom a
fraction of the sampling volume to the whole sampling volume and converge after 0.2.
Similarly, the TPB density converges after 0.4.
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However, the errors arise from sample-to-sample variations are not accounted for in this thesis due
to the time constrains in obtaining FIB-SEM image stacks from two or more electrodes fabricated

and aged in the same manner.

3.3 Other Characterisation Methods

3.3.1 Brunauer-Emmett-Teller Surface Area and t-Plot

Surface properties of powders are measured by its adsorption and desorption isotherms of
N,. The adsorption and desorption of nitrogen gas molecules on a solid surface is used to
measure the surface area by the Brunauer-Emmett-Teller (BET) theory and the influence

of pores by the t-plot method.

Based on the BET model, the adsorbed molecules in one layer can act as adsorption sites
for molecules in the next layer, at any pressure below the saturation vapour pressure P,.
The main assumptions of the BET theory are, 1) the material surface is homogeneous with
no preferential sorption areas; 2) inter-molecular interactions are negligible; 3) the
uppermost layer is in equilibrium with no net change in the number of adsorbed molecules
at a given vapour pressure; 4) the rate of adsorption is limited by kinetics and hence the
adsorption energy is assumed the same for all molecular layers and 5) no further adsorption

beyond saturation pressure [174].

BET surface area calculation was done on the range of relative pressure between 0.04 and

0.12 where monolayer adsorption takes place using Equation 3.6 [175],

1 _ 1 +C—1(P) (3.6)

17(%’—1) vmC vmC E
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where v is the volume of gas adsorbed at the relative pressure Pi and v, is the volume
(o]

adsorbed in the monolayer. C'is a constant related to the binding energy, which is also

termed the BET constant.

. 1 . P o c-1 . . 1
A linear plot of @ against (E) will give a slope S = - and an intercept of i = —
The monolayer volume v, can therefore be calculated from S and 4, and the specific surface

area Sppr is determined by

UmNA
Vgm

(3.7)

Sger =

Where N is the Avogadro’s number and A is the cross-sectional surface area of a single
adsorbed gas molecule (16.2 A for N.). m is the mass of the material used in the
measurement and V, represents the volume of one mole of gas under standard temperature

and pressure (STP), which is 22400 cm? for nitrogen gas.

The adsorption isotherms of gases on solids can be classified into five types as shown in
Figure 3.15 as described by Brunauer, Deming, Deming an Teller [176]. The Type I isotherm
indicates the amount of gas increases with increasing pressure till the saturation is reached
after a monolayer coverage. For the Type II isotherm, after the levelling at the monolayer
saturation, the amount adsorbed starts to grow again at higher pressure where multilayer
adsorption takes place. Type III occurs where there is strong adsorbate-adsorbate
interactions and the adsorption becomes easier after some adsorbate nucleates on the surface.
Type IV and V occurs for multilayer adsorption in porous solid. They are similar to type II

and III initially but eventually the adsorbed layer fills up the pores.
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Figure 5.15 The five types of adsorption isotherm [175].

The statistical thickness of the adsorbed gas t is calculated by comparing the adsorbed
volume to a standard silica reference. Using the thickness-plot (t-plot), the external surface

area outside the pores was derived from the slope of v and ¢ [177].

The thickness ¢ of the adsorbed film in A is obtained by the de Boer equation [178][179],

which is based on nitrogen sorption at 77 K on non-porous adsorbents like siliceous materials.

N |

= 13.99 ] (3.8)

[10g(%")+0.034

For a standard type II isotherm of a non-porous sample, the plot of ¢ against relative
pressure is a linear line passing through the origin. The slope s in this case can be converted

to the specific surface area S: by

S, = 1547 s (3.9)
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For non-porous materials, 5; is in good agreement with Spgr as determined by the BET
theory. The presence of micropores (< 20 A) will increase the update of gas at low relative
pressures and hence extrapolating the curve to the molecule adsorbed axis (the y-axis) will
give a positive intercept 7 [180]. The micropore volume V,,, in cm? can be calculated from 7

by
Vip = 0.001547 i, (3.10)

The internal surface area, i.e. the surface area inside the micropores, is derived from the
slope of the linear line of adsorption volume against ¢. The external surface area is then the

difference between the Sger and the internal surface area.

3.3.2 Laser Diffraction Particle Sizing

The laser diffraction method is used to measure particle size distribution by measuring the
angular variation in intensity of light scattered as the laser beam passes through a dispersed
particulate sample. The larger the particles, the smaller the scattering angles. The angular
scattering intensity data is then analysed to calculate the volume equivalent sphere diameter

based on the Mie theory of light scattering [181].

The volume weighted mean diameter D, ; is calculated from the diameter of each particulate

D by

D,, = Li!
S

(3.11)
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3.3.3 X-ray Diffraction and Rietveld Refinement

X-ray powder diffraction (XRD) gives a set of Bragg’s peaks, some overlapped and
superimposed on a smooth and slowly varying background. Rietveld refinement is a complex
multi-parameter curve fitting method to derive phase information from the XRD pattern.
The model function is defined by the crystal structure, including the atomic coordinates,
thermal displacements and site occupancies, combined with the experimental factor, such
as peak profile broadening and etc. [182]. To obtain good signal-to-noise ratio, an angular
step size below 0.02 ° and time per step above 15 s is used for the scanning. The adjustable
parameters for the model function are refined by a least-squares minimisation of the

weighted differences between the observed and calculated intensities.

Quantitative analysis via Rietveld refinement for powders with more than one phase is

based on the following equation [183].

S(ZMV)

P Yiszmv), (3.12)

Where S is the Rietveld scale factor, Z is the number of formula units per unit cell, M is
the mass of the formula unit and V is the volume of the unit cell. The weight fraction W,

of the target phase can then be derived after successful refinement.
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3.3.4 Van Der Pauw Conductivity

For a flat sample, the in-plane conductivity can be measured by the van der Pauw method.
The flat electrode cast on the electrolyte substrate was measured by a four-point probe as

shown in Figure 3.16 by applying a small DC current.

Figure 5.16 Van der Pauw DC measurement was carried out by four point contacts on the
electrode plane. A small current of 0.01A was passed through probe 1 and probe 3 while the
potential was measured between probe 2 and probe 4. A repeated measurement was done by
swapping 1 and 3 and swapping 2 and 4. R;represents the resistance averaged from these
two measurements. Similarly, R, is calculated jrom the two measurements with current

passing through probe 2 and 4 and the potential measured between 1 and 3.

The in-plane conductivity o is calculated by the measured resistances R; and R, and the

known thickness d of the electrode by Equation 3.13.
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3.4 Summary

The microstructural information obtained by FIB-SEM and the electrochemical
measurement by EIS are complementary to each other in understanding the electrode
properties and different microstructures and during the degradation process. Powder
characterisation and gas adsorption not only provides guidance for the electrode processing,

but also predicts some microstructural characteristics of the resultant electrode.
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4 Nickel Impregnated Scandia-Stabilised

Zirconia Electrode

This chapter investigates the stability of nickel-impregnated scandia-stabilised zirconia
composite electrodes during isothermal annealing at temperatures from 600 to 950°C in a
humidified hydrogen atmosphere (3 vol % water vapour). The impact of the nickel
coarsening during isothermal annealing is explored using a physical model of electrode
performance which relates the macroscopic electrochemical performance to measurable

microstructural parameters.

4.1 Experimental

The ScSZ scaffold was prepared by sintering ScSZ powder mixed with carbon black as a
pore former. 80 wt% ScSZ (fuelcellmaterials Sc10SZ-TC, surface area 8.9 m? g!) and 20 wt%
carbon black (Alfa Aesar, surface area 75 m?g') were mixed with ethylcelulose-N7 (Hercules)
binder, anhydrous terpineol (Aldrich) solvent and dispersant using a magnetic stirrer to
form a homogeneous paste. The paste was milled in a triple roll mill to break up small
agglomerates. The ScSZ scaffold ink was tape cast onto an 8 mol% YSZ substrate
(fuelcellmaterials YSZ-2.0, 20 mm in diameter and 0.28 mm in thickness). The cast scaffolds
were dried at 70 °C for 24 hours, heated at 1 °C min™* to 500 °C and held for two hours to
burn off the carbon black and then heated at 3 °C min to 1250 °C for a two-hour sintering.

The sintered ScSZ scaffolds were then impregnated with 2 M nickel (II) nitrate solution in
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ethanol. 2 pL nitrate solution was infiltrated at each impregnation cycle and the nitrate
solution was decomposed at 550 °C for 1 hour [64]. Each cell underwent 12 impregnation
cycles until the nickel loading reached approximately 40 wt% in the electrode as deduced
from the increase in weight after reduction. The average thickness of a scaffold was 10 pm

as determined from SEM measurements on specimen cross sections and its diameter 14 mm.

Symmetrical cells with Ni-impregnated ScSZ electrodes and YSZ electrolyte fabricated via
the route described above were loaded into an electrochemical test station for
electrochemical impedance measurements at 650 °C, 800 °C or 950 °C under open circuit
conditions. The test rig is shown schematically in Figure 3.2. The symmetrical cells were
heated up in a protective nitrogen atmosphere to the test temperature and then reduced in-
situ in the test atmosphere of humidified 5 vol% hydrogen and 95 vol% nitrogen at a flow
rate of 100 ml min? unless specified otherwise. Water vapour was introduced into the gas
flow by bubbling the gas supply through deionised water at room temperature. A 0.02 V
amplitude sinusoidal voltage was applied in the two-electrode measurement set-up over the
frequency range 10 MHz to 0.1Hz. Current collection was made using Pt grids with 100
mesh size (aperture 149 pm) made from wire of 0.076 mm in diameter unless specified
otherwise. The ASR was obtained by multiplying half the measured resistance by the area

(circle 14mm in diameter) of a single electrode.

Van der Pauw sheet resistance for the electrode was also measured as a function of exposure
time. Symmetrical cells were exposed to wet 5 vol% hydrogen and 95 vol% nitrogen at a
flow rate of 100 ml min™ for 10 minutes at the test temperature to reduce nickel oxide to
nickel and was subsequently cooled at 5 °C min™ to room temperature. The cells were placed
in the measurement rig with a probe spacing of 6 mm and heated at a rate of 5 °C min™

back to the reduction temperature for van der Pauw measurement. The conductivity of the
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electrode was calculated using the average measured thickness of 10 pm and assuming that

the conductivity does not vary through the thickness.

Microstructures of the Ni-ScSZ anode were examined by secondary electron images using a
LEO Gemini 1525 Field Emission Gun Scanning Electron Microscope (FEG-SEM) and FIB-
SEM slice-and-view cross-sectional imaging using Zeiss Auriga Cross Beam. The images

were processed by Matlab to measure the particle size distributions of nickel in the electrode.

The EIS results were analysed by equivalent circuit fitting using ZView with R-CPE

components.

4.2 Results and Discussion

4.2.1 Electrode Electronic Conductivity

The van der Pauw conductivity measurement at elevated temperatures in Figure 4.1
revealed a rapid initial decrease in the Ni-impregnated ScSZ electrode in-plane conductivity
before reaching a steady value. Jung et al [184] have shown that application of the van der
Pauw method to electrodes impregnated with copper nitrate can be potentially unreliable
due to the formation of a copper-rich surface layer during drying. This can produce a high
conductivity surface layer on the electrode after reduction which distorts the measured
apparent conductivity of the full depth of the electrode. This possibility should be borne
in mind with the present results, though the microstructures presented later show no

evidence of such a surface layer.
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Figure 4.1 In-plane conductivities of the Ni-impregnated ScSZ electrode were measured with

time as the electrodes were being annealed isothermally in humidified 5% Hs-95% Ns.

At 650 °C, the in-plane conductivity of the electrode decreased from 1670 S cm™ to 1200 S
cm? within the first 1000 min of annealing, reaching a plateau of 1200 S cm afterwards.
The rapid conductivity decrease in the first 1000 min of annealing was also observed in the
electrode annealed at 800 °C, for which the conductivity decreased from 1010 S cm™ to 700
S cmt. At 950 °C, the conductivity remained relatively constant at 750 S cm™ throughout
the 3000 min of annealing. The absence of an initial conductivity drop in this case was
probably due to the heat treatment prior to the measurement. Any rapid initial degradation
probably happened during the slow cooling and heating before the van der Pauw

measurement. Different reduction temperatures may result in different nickel distribution
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and morphology in the electrode. Literature revealed once the reduction temperature goes
above 800 °C, the reduction is achieved within seconds, as compared to the long induction
time (up to 2000 s) at 500 °C [185]. High reduction temperature tends to give a continuous
layer of reduced Ni. NiO reduced at 950 °C is likely to form better connected Ni than at
800 °C. This may lead to the plateau conductivity at 950 °C being comparable to the

conductivity measured at 800 °C.

The conductivities of nickel, ScSZ and YSZ vary with temperature T according to the
equations below. The conductivity of YSZ pellet was measured using a symmetrical cell

with platinum electrode in air.

Oz (T) =0.46-[6.5- 10 exp(—?)] [S cm™] [158] (4.1)
Oy, (T) = 42510 eXp(—l(;ZZO) [S cm] (4.2)
on(l) = [1+o.1>§67§(1;)_ 298)] [S e} [186] (43)

At the annealing temperatures, the conductivity of nickel is 10° to 107 times the conductivity
of ScSZ or YSZ. In the 4-point probe arrangement, the current flow could possibly extend
into the YSZ substrate at elevated temperatures the electrode is more than 10 times thinner
than the electrolyte. However, even with the increased conductivity at high temperatures,
the substrate resistance is estimated to be five to six orders of magnitude higher than that
of the Ni-ScSZ electrode. The contribution from the substrate is hence negligible and the
measurements represent the true conductivities of the electrodes, averaged over the depth

of the electrode. From Equation 4.3 the conductivity of nickel at 800 °C is 2.3 x 10* S cm!
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whereas the long-term steady conductivity of the sample aged at 800 °C is approximately
700 S cm. This is only 3% of the bulk value and indicates that the nickel network is not
well-connected despite its high volume fraction and favourable location on the internal
surfaces of the porous zirconia scaffold. The rapid initial reduction in conductivity is
therefore likely to reflect the microstructural change of the nickel within the electrode over
time. Klemensg et al. [127] also observed a severe initial degradation for nickel impregnated
YSZ anode at 650 °C, though on a time-scale of 24 h, and attributed the degradation to

nickel sintering by surface diffusion.

4.2.2 Electrochemical Impedance Spectroscopy

Three capacitive processes were observed at 650 °C in addition to the ohmic series resistance
as shown in Figure 4.2. The small capacitive process at high frequency was assigned to the
transfer of oxygen ions across the interface between the YSZ electrolyte and the ScSZ
electrode [158][187][188]. The process at 10%-10° Hz was assigned to the electrochemical
reaction [189]-[192]. The large low frequency response at 1-10 Hz is most likely a gas
conversion impedance due to the test rig geometry, and is caused by diffusion of gas
molecules from the flowing gas stream into, and out of, the electrode compartments of the
cell test chamber [21], [23]. The different contributions are shown as an equivalent circuit

model in the inset and their assignments are discussed later.
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Figure 4.2 Nyquist plot and Bode plot for a symmetrical infiltrated cell aged at 650 °C' for
30 min. The dots represent the experimental data and the solid lines represent the equivalent

circuit fitting. The equivalent circuit model is shown in the inset.

When the annealing temperature was increased to 800 °C or 950 °C, the oxygen transfer
resistance could not be distinguished in the impedance spectra as shown in Figure 4.3. The
medium frequency contribution assigned to the electrochemical reaction became much

smaller and the low frequency diffusion contribution was dominant.
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Figure 4.3 Nyquist plot and Bode plot for a symmetrical infiltrated cell aged at 950 °C' for
70 min

The following section describes the variation of ohmic resistance, electrochemical reaction
resistance and diffusion resistance with time as the electrodes were aged at the different test

temperatures.
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Figure 4.4 The area specific resistance contributions as a function of time at different
annealing temperatures. The measurement was made at 10 min intervals during the first

120 min and then at 60 min interval thereafter.

Figure 4.4 shows the time evolution of the ASR from the different contributions at the
isothermal annealing temperature of 650 °C, 800 °C and 950 °C. Note that for 800 °C and
950 °C the transfer resistance contribution is included in the ohmic series resistance as it
cannot be distinguished as a separate component. All the contributions tend to show an
initial increase over the first 1000 min of annealing, followed by a more gradual increase at

longer times. Figure 4.5 summarises the change in ASR contributions in the two stages.
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The ASR evolution for the diffusion contribution in Figure 4.4 exhibits a periodic fluctuation,
which is seen to a lesser degree in the electrochemical reaction contribution. These
fluctuations were found to be due to variation from 3.0% to 3.7% in the water content of
the inlet gas caused by changes in room temperature (24 °C to 28 °C). As discussed later,
these fluctuations are consistent with the influence of water vapour pressure on the

individual contributions to the ASR in the model used to interpret the data.

It is interesting that all three contributions to the ASR show a similar qualitative evolution,
which is particularly unexpected for the ohmic contribution. Furthermore, the magnitude
of the ohmic contribution is significantly greater than expected from the electrolyte pellet.
(The ASR plotted in the figure is for unit area of a single electrode and therefore has a
contribution from half the thickness the electrolyte pellet.) For example, at 800 °C the
measured initial ohmic ASR is 1.32 Q0 cm? whereas that expected from the YSZ electrolyte
pellet (using Equation 4.2) is 0.45 ©Q cm? This suggests that there was a problem with
current collection from the electrode to the platinum grids that became worse as the in-
plane resistance of the electrode decreased, as shown in Figure 4.1. Such an in-plane
resistance can reduce the active area of the electrode as the electrode electronic conductivity
decreases and therefore influences all the contributions to the ASR. However, in this case,
the measured lateral conductivity of the electrodes is sufficiently high that transfer of
electrons to the platinum grid wires should not be a problem for the grid size used. This
probably indicates that the current collector grids were not making good uniform contact
on the electrode surface so that the current collection points were separated by larger
distances than the grid aperture size. An alternative explanation is that the measured lateral
conductivity of the electrode is dominated by a nickel-rich surface layer and the through-
thickness conductivity of the electrode is poor and degrades with time. However this is not

supported by the observed nickel distribution in the electrodes that is described later.
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Figure 4.5 Ohmic resistance, electrochemical reaction resistance and diffusion resistance

of the infiltrated electrode at 10 min, 1030 min and 3010 min of annealing.

In order to demonstrate the influence of lateral current collection, similar symmetrical cells
were fabricated with a layer of silver paint applied on top of the electrode before inserting
in the test rig in order to improve current collection. Electrochemical impedance
measurements were then carried out at 650 °C in both 5 vol% H, and 95 vol% H.. The
evolution of the ASR contributions for these cells is presented in Figure 4.6. These results
show that the ohmic component is now much more stable (Figure 4.7). Nevertheless, there
is still some residual increase with time over the initial 1030 min which could indicate a

small contribution from the through thickness electronic conduction in the electrode. In
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contrast, the electrochemical reaction contribution still displays a marked increase with
time, indicating its inherent sensitivity to microstructure changes in the electrode. The
diffusion and electrochemical reaction contributions again show the periodic fluctuations
caused by humidity changes. The diffusion contribution shows no increasing trend with
time but is reduced considerably by an increase in hydrogen partial pressure. Although the
electrochemical reaction resistance also decreases with increase in hydrogen concentration,
it still demonstrated an initial stage of rapid increase with exposure time. Figure 4.7
summarises the values for the three resistances at the end of 1010 minutes and 3010 minutes
of annealing and again illustrates the relatively small change in ohmic and diffusion
resistances as compared to the change in electrochemical reaction resistance. Nickel
coarsening brings about two degradation effects: i) a loss in nickel percolation, and ii) a
reduction in triple phase boundary length. The ASR data in Figure 4.6 hence confirm that
the increase in ohmic and diffusion resistance seen in Figure 4.5, is a result of percolation
(conductivity) loss while the increase in electrochemical reaction resistance seen in both
figures is caused by loss of both percolation and TPB density, i.e. a loss of active TPB

density.
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Figure 4.6 The time evolution of the contributions to ASR from the ohmic, oxygen ion
transjer, electrochemical reaction and the gas diffusion processes. Measurement was made
at 650 °C in two gas compositions 1) humidified 5% H, and 95% N» (above), 2) humidified
95% H, and 5% N, (below), with a flow rate of 100 ml min'. Silver paint was applied onto

the surface of the electrodes in addition to the Pt mesh contact to improve current collection.
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Figure 4.7 Values of the three contributions to the ASR at 10 min, 1050 min and 3010 min

at 650 “C with a silver paint coating on the cell to improve current collection.

Increasing the hydrogen molar fraction from 5% to 95% reduced both the electrochemical
reaction resistance and the diffusion resistance by a factor of approximately 2 (see Figure
4.7 and Figure 4.8), confirming that these two contributions are dependent on gas

composition.

In order to support the identification of the different contributions to the ASR, experiments
were carried out, on electrodes with silver paste as additional current collector, in which
flow rate, temperature and hydrogen concentration were changed. In the following example

the specimen had been annealed for 3010 min at 650 °C in an atmosphere of humidified 5%
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H, and 95% N, before the impedance measurement to reduce the complicating effects of

time dependent changes on the cell performance. The results are shown in Figure 4.8.
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Figure 4.8 Nyquist plots for a symmetrical cell, with silver paint current collection, measured

at different temperatures, fuel gas composition and gas flow rate (indicated in the legend).

Decreasing the flow rate of the fuel gas from 100 ml min? to 50 ml min* had no detectable
influence on any of the contributions to the ASR. Due to the test rig configuration shown
in Figure 3.2, changes to gas mass transport outside the test housing are not expected to
influence conditions inside the housing because of the relatively long diffusion path between
the two parts of the housing. Increasing the hydrogen content from 5 vol% to 10 vol% in
the gas supply decreased both the medium frequency and low frequency contributions. The

electrochemical reaction resistance at medium frequencies decreased because a higher
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hydrogen activity is available at the triple phase boundary reaction sites. Similarly, a higher
hydrogen molar fraction in the gas outside the housing provides a greater driving force for
diffusion into the cell chamber. When the measurement temperature was decreased from
650 °C to 600 °C, all four resistance values increased, but especially the medium frequency

contribution assigned to the electrochemical reaction.

4.2.3 Microstructure Characterisation

The microstructure of the nickel-impregnated ScSZ electrode was examined before and after
isothermal annealing for 50 h. The morphology of the nickel and ScSZ phases are identified

from the SEM images.
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Figure 4.9 SEM micrographs of a) the ScSZ porous scaffold after sintering, b) the ScSZ
scaffold after impregnating with nickel, c¢) the fracture cross section of nickel-SeSZ electrode

after being reduced at 950 °C and held for 3010 min.

The microstructure observations revealed that the ScSZ after sintering formed an
interconnecting porous scaffold as shown in Figure 4.9a. After infiltration and reduction,
the nickel particles were homogeneously distributed onto the ScSZ surface as nanometer-
size spheres facing the open pores (Figure 4.9b). The thickness of the scaffold is
approximately 10 pm and the nickel particles are distributed throughout the whole scaffold

as shown in Figure 4.9c.
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The FIB-SEM image in Figure 4.10 confirmed that nickel particles were distributed over
the entire ScSZ porous backbone. There is no indication of a nickel-rich surface region that
would have distorted the conductivity measurements. The ScSZ grains are generally faceted
whereas the nickel particles are spheroidal. This distinctive morphological difference
between the two phases enables the identification of nickel particles from the secondary
electron images. The microstructures of the electrodes aged for 30 min and for 3010 min are

compared in Figure 4.11.

Figure 4.10 The secondary electron cross-sectional image of the image sliced and polished
by focused ion beam shows three different phases with different colour contrast. The darkest
phase is the epoxy resin that fills the pores. The brightest phase is nickel, which appears as
nearly spherical particles. The grey phase in-between is ScSZ, forming a support network.
The electrode has been reduced and aged at 950 °C in wet 5% hydrogen and 95% nitrogen

for 30 min.
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As shown in Figure 4.11 a2) and b2), the circular nickel particles were identified and the

radii of the circles measured using MATLAB. The particle size distributions of nickel at the
beginning (30 min) of annealing and the end (3010 min) are presented in Figure 4.12. The

frequency is weighted by the diameter of the particle, so that the frequency distribution can

be directly related to the TPB length.
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Figure 4.11 Secondary electron images of an electrode reduced and aged at 950 °C for 30
min al) and 3010 min b1). The images were processed for image analysis by enhancing the

contrast and edge threshold level to emphasise the circular objects (nickel particles) in a2)

and b2).

90



An increase in particle size with the annealing time is clear in Figure 4.12. The fine nickel

particles with a particle size less than 40 nm disappeared after 3010 min of ageing and some
particles grew to above 200 nm in diameter. The number of spherical particle detected
decreased from 850 at 10 min to 294 at 3010 min while the total volume of the spheres were
conserved. The particle size distribution indicated both an increase in average particle size

and a decrease in the number of particles.
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Figure 4.12 The diameter-weighted particle size distributions of nickel in the infiltrated

electrode after 30 min (above) and 3010 min (below) of annealing
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4.2.4 Physical Model of Electrode ASR

The 1D distributed model developed by Bertei et al. [158] was used to interpret the
degradation in the nickel impregnated ScSZ electrode semi-quantitatively. The model treats
the electrode microstructure as a continuum with a key parameter being the effective TPB
length per unit volume of the electrode. Other microstructure parameters in the model that
influence the contribution from the electrochemical reaction to a lesser degree are the area
of the Ni/ScSZ interface per unit volume, the conductivity factor for the ionic conducting
network (defined as the conductivity of the network compared with the conductivity of the
dense ionic conductor) and the electrode thickness. The degradation due to nickel coarsening
can be quantified by two time-dependent parameters: 1) decreasing active anode area due

to increasing electronic current collection resistance; and 2) decreasing active TPB density.
The model makes the following simplifying assumptions.

i.  the effective electronic conductivity is much larger than the effective ionic
conductivity in the electrode;
ii.  within the active area, the microstructural properties are uniform;

iii.  the electrochemical TPB reaction obeys Butler-Volmer kinetics.

Figure 4.13 illustrates the contact, in the absence of silver coating, between the electrode
and the Pt mesh current collector, and also the area of the electrode between two contact
points. The inactive region, in which the nickel connection towards the neighbouring

current collector is cut off, enlarges as nickel coarsening breaks up the percolation.
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Figure 4.13 Schematic of the electrode microstructure between two Pt mesh contact points
(no additional silver current collection) showing the inactive regions due to break up in
percolation of the nickel network upon degradation (note: figure not drawn to scale).
Electrochemical reaction takes place at the percolating triple phase boundaries and the

electrons released from hydrogen ozidation flow along the nickel path (in black) to the Pt

mesh current collector.

The impedance spectra obtained during annealing of the specimens without the silver

current collection were analysed according to the following steps.

1) The oxygen transfer resistance was determined (using parameter values established
previously for a similar ScSZ scaffold [158]) and compared with the experimental
data to decouple it from the ohmic series resistance. At 650 °C the initial ASR
contribution from oxygen transfer was measured to be 0.13 Q cm?in the present
experiments, in good agreement with the value of 0.14 Q cm? from the model
parameters. At the higher temperatures (at which this contribution could not be
separated experimentally) the model predictions are 0.009 ©Q cm? at 800 °C and

0.0012 © cm?® at 900 °C. Therefore at these temperatures this contribution is
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negligible and the ohmic resistance is dominated by the electrolyte and current
collection resistances.

2) The measured ohmic resistance was then compared with the initial ohmic resistance
to calculate the time-dependent active area fraction assuming in all cases that the
initial active area fraction is 100 %. The result is shown in Figure 4.14 indicating
that the active area fraction exhibited a rapid decrease over the first 1000 min of

annealing and then slowed down afterwards.

1 n
0 ]
0
0 ]
0 SEmy
0 lIIlllIIIIIIIIIIllllIIIIIIIIIIIIII-II.IIII 650°C
0' T T T T T T T T T T T T
g 500 1000 1500 2000 2500 3000

lll.....
.....--..-.........-..................- 800 OC

Active Area Fraction
[ole/elelelelelels

COO0O00~ LOOOCOOO0:
PUIONDOO NWRLIONHOO BUON®OO

I I ! I ! | ! I ' I ! I
0 500 1000 1500 2000 2500 3000
Tung,

.lllllllIlll-lIl.lIl.............-.l mmy 950°C
HE ]

T T T T T T |
0 500 1000 1500 2000 2500 3000
Time (min)

Figure 4.14 The time evolution of active area fraction of electrodes at 650 <C, 800 ‘C and

950 “C.

3) Measurements of room temperature changes during the annealing were used to
determine the water vapour pressure variation with time, assuming equilibrium in
the water bubbler. Using this, the periodic fluctuation in the electrochemical reaction

resistance due to water molar change was corrected to a common water vapour
94



concentration of 3% assuming that the exchange current density is proportional to
y252 where y indicates mole fraction as specified for the exchange current density in
the model [193]. The variation in percolating TPB density was thus separated from
the variation in active area fraction as shown in Figure 4.15. The active TPB density
was then estimated from the model using the values for the exchange current density
per unit length of TPB and the effective ionic conductivity of ScSZ at each

temperature, as established previously when applying the model to similar Ni-

infiltrated ScSZ electrodes [158].
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Figure 4.15 The evolution of active triple phase boundary densities with annealing time at

950 <C, 800 <C and 650 <C derived from the electrode model.

The active TPB densities in Figure 4.15 showed a sharp decrease over the first 1000 min of

annealing. A plateau was reached after the initial degradation. At 950 °C and 650 °C, the
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plateau TPB density was approximately 1.8 x 102 m? and 1.2 x 102 m? respectively.

However, there is not a smooth trend with annealing temperature. Surprisingly, the highest
plateau density of 5.5 x 10 m? was found at 800 °C. This is believed to be due to the
different reduction temperatures giving different initial nickel microstructures that also
evolve differently. The initial TPB densities of the nickel-impregnated electrodes are similar
in magnitude to the TPB densities measured by FIB-SEM tomography in Ni-impregnated

gadolinium-doped ceria scaffold electrodes [60].

For the experiments in which a silver paste current collector was used, the effective area
fraction was assumed to be 1 independent of ageing time since the effect of percolation
breakup is mitigated. The expected electrochemical reaction resistance at different annealing
stages with the silver current collector were predicted by assuming the same evolution of
TPB density shown in Figure 4.15 at 650 °C with 5 vol% hydrogen. The predicted values
are compared with the measured values (Figure 4.6) as shown in Table 4.1. The predicted
and measured effects are in reasonable agreement except for the 10 minute data. The
discrepancy at this stage is probably due to sensitivity of the early ageing results to

reproducibility in reduction procedure and initial heating to test temperature.
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Table 4.1 Comparison between the model predicted electrochemical reaction ASR and the

measured ASR at 650 C with silver paste in moist (3 vol% water vapour) 5 vol% hydrogen-

nitrogen
Predicted ASR (Q c¢cm?) ~ Measured ASR (Q cm?)

Electrochemical Reaction at 10  0.61 1.71

min

Electrochemical Reaction at 3.84 3.94

1030 min

Electrochemical Reaction at 4.80 4.67

3010 min

Models have also been published to estimate the TPB density of infiltrated electrodes a
priori. Reszka et al. [194] presented a model of the microstructure of infiltrated electrodes
that considers the total and active TPB lengths as functions of infiltrated particle size,
scaffold porosity and pore size and volume fraction of infiltrate. For the current materials
the initial infiltrated particle size is approximately 100 nm, scaffold porosity is 50%, the
scaffold particle (grain) size is 0.5 pm, the scaffold pore size is approximately 1 pm, and the
volume fraction of nickel is 20%. According to their model the active TPB density is not
very sensitive to the scaffold pore size and is approximately 0.8 unit? (where a unit is the
infiltrated particle size) for 20 vol %. infiltrate loading. This corresponds to a TPB density
of 800 x 10'2 m™2, which is much greater than the value estimated from the electrochemical
model and probably reflects the fact that the a priori model for the infiltrated microstructure
is not sufficiently close to reality. Bertei et al. [195] present a similar model which predicts

a percolating TPB density equal to approximately 50 d? (where d, is the scaffold particle
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size and is 5 times the infiltrated particle size as in the present experiments) and in the
present case corresponds to a connected TPB density of 8 x 10> m™2. This latter value is of
a similar order of magnitude to the total TPB density of 18 x 102 m? measured by
tomography in similar electrodes with a doped ceria scaffold infiltrated by nickel [60] and
the connected TPB densities estimated in the current specimens before the isothermal

annealing (Figure 4.15).

4.3 Conclusions

In this chapter, an early rapid degradation in the ASR of nickel-impregnated ScSZ electrodes
was observed and correlated with changes in the electrode microstructure. The in-plane
conductivity of the electrodes was also observed to decrease significantly with exposure time.
Electrochemical impedance spectroscopy revealed four contributions to the overall ASR of
the symmetrical cells: a series resistance from the electrolyte support; a small high frequency
contribution from transfer of oxygen ions from the electrode to the electrolyte; a medium
frequency contribution from the electrochemical reaction; and a low frequency contribution
from gas diffusion into the test chamber. The increase in ohmic resistance revealed an issue
with current collection when using platinum mesh current collectors that caused all
contributions to increase in a similar way. This showed that disruption of the percolating
nickel pathways in the electrodes decreased their effective active area. This was confirmed
in experiments in which a silver layer was applied on top of the electrode to improve current

collection.
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The microstructure images showed that nickel particles coarsened after annealing in wet
hydrogen. The degradation due to nickel coarsening was described by two time-dependent
parameters, 1) decreasing effective electrode area as a result of percolation break-up and 2)
decreasing active triple phase boundary density. A previously published physical model was
used to extract the active electrode area fraction and the active triple phase boundary
densities in the active regions from electrochemical impedance spectra. Both parameters
reduced sharply during the initial stage of annealing and then stabilised to reasonably steady
values. Decoupling the active TPB density from the active anode area fraction verified that
the major degradation associated with nickel coarsening in the impregnated electrode takes
place at a relatively short time-scale (1000 min) as compared to the desired operational life

time of solid oxide fuel cells in most applications (40,000 h or more).
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5 Fabrication of Nanoscale Nickel
Yttria-Stabilised Zirconia Electrode

from Nanocomposite Powder

Though impregnation is a versatile tool and widely used in laboratory for fabricating nano-
scale SOC electrodes, it has not yet been scaled up to mass production. In the case of Ni-
impregnated electrode, the nickel sitting on the scaffold has much free volume for movement.
This inherent structural feature may not be beneficial in the long term to preserve nickel
nanoparticles. The conventional power-mixing and co-sintering fabrication route is likely to

be better suited for reducing the free volume for nickel movement.

Here a different, potentially commercially viable, approach to producing a nano-structured Ni-YSZ
electrode with both nano- and micron-sized porosity for gas access is investigated. Hydrothermal
synthesis is used to produce an intimate mixture of NiO and YSZ precursors that can be
subsequently processed into a powder containing agglomerates of a NiO-YSZ nanocomposite mixture.
On reduction of the NiO to Ni, fine pores are created within the agglomerates giving gas access to
the internal surface of the agglomerates. The agglomerates also produce an electrode microstructure
with larger pores to allow gas to access the outer surface of each agglomerate. Thus, inside the
agglomerates are nanoparticles of NiO and YSZ, while in-between the agglomerates is micron-sized
pore space. This chapter describes the processing of the NiO-YSZ nano-composite particles, followed
by an investigation of the electrochemical performance and microstructural features of the resulting

electrodes.
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5.1 Experimental

5.1.1 Nanoparticle Synthesis

The nanoparticles used in this study were synthesised in a continuous hydrothermal reactor
at pilot plant scale at University College London by Dr. Chris Starkey. Details of the process
are given in [196]. An aqueous salt mixture (Ni nitrate, yttrium nitrate and zirconyl nitrate)
with hydrogen peroxide oxidising agent was fed to the reactor at concentrations consistent
with the target composition of the eventual electrode. Independent streams of deionised
water and aqueous potassium hydroxide were also employed to cause hydrolysis and
precipitation. The reactor operated at 24.1 MPa and 450 °C. The process is similar to co-
precipitation, but in the reactor hydrolysis and precipitation are very fast. As a result, the
cations in the two feeds remain intimately mixed during hydrolysis and the intimate mixing
is preserved in the precipitate. The precipitate was recovered by centrifugation, washed in
deionised water to remove anions and again centrifuged. At this stage the product was in
the form of an aqueous slurry. The particle size as synthesized is typically 5 nm as reported

in [196].

5.1.2 Fabrication of the Electrode

The nanopowder synthesized by the continuous hydrothermal flow route was freeze-dried
for 5 days in a FreeZone 4.5 Liter Console Freeze Dry System in order to prevent the
formation of hard agglomerates. The as-dried powder was calcined at 700 °C for 30 min to
remove any physi-sorbed and chemi-sorbed water and decompose any remaining nitrate
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impurities (see later thermal analysis). The calcined powder was then dispersed in ethanol
and milled in a planetary ball mill for 30 h at 300 rpm to reduce the size of soft agglomerates.
The milled powder was then made into electrodes on YSZ substrate as detailed in Chapter

4.1. The electrodes were sintered at 1300 °C for 2 h.

5.1.3 Powder Characterisation

The particle size of the powder was measured after ultrasonic dispersion in de-ionised water
by laser scattering using a Malvern Mastersizer 3000. The nitrogen adsorption and
desorption isotherms were obtained at 77 K using a Micromeritics TriStar II and the specific
surface area calculated by BET theory. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) on the as-dried composite powder were conducted using a
Netszch Jupiter thermal analyser at a heating rate of 10 °C min? in air from room
temperature to 950 °C. A sample of the as-dried composite powder was also uniaxially and
then isostatically pressed into a green cuboid pellet. The sintering dilatometry of the green
pellet was measured using a Netzsch 402E dilatometer in air at a heating rate of 5 °C min-

'from room temperature to 1500 °C.

5.1.4 Electrode Characterisation

XRD of the Ni-YSZ electrode was done using a Bruker D2 diffractometer with Cu Ka
radiation at a step size of 0.016 °. High-resolution SEM images of the Ni-YSZ electrode and

the NiO-YSZ powder were taken using a LEO Gemini 1525 SEM. The sequential FIB cross
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section SEM images of the resin-impregnated electrode were taken using a Zeiss Auriga
Cross Beam FIB-SEM. The pixel size of each FIB-SEM image was 16.4 nm and the thickness
of each slice was 20 nm. The contrast of the different phases in the images was enhanced,
and the noise reduced, using ImageJ and Avizo. Segmentation was carried out using
Trainable Weka Segmentation [172]. Phase sizes were determined using the linear intercept
method in three orthogonal directions on the 3-D reconstruction with a proportionality
constant of 1.56 [197]. 3-D reconstruction was done using Avizo and data extraction from

the 3-D volume using MATLAB and the TauFactor plug-in [173].

The in-plane conductivity of the electrode was measured by the van der Pauw method with
a square array probe spacing of 6 mm at room temperature in air. The average electrode
thickness was measured to be 15 pm, the value then used in the conductivity calculation.
The EIS data were measured in an in-house rig (Figure 3.3) on the symmetrical cells. The
cell was fixed vertically in a groove in an alumina platform at the front of the gas flow
channel and current collection was made using porous Ni paste and a platinum wire pick-
up. The electrode was reduced for 60 min at 800 °C in humidified 5% H> — 95% N, at a flow
rate of 100 ml min* and the impedance spectra were measured from 1 MHz to 0.1 Hz under
open circuit condition in a two-electrode set-up. Humidification was introduced by passing
the test gas through a water bubbler at room temperature which gives a water vapour

content of approximately 3 vol %.
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5.2 Results and Discussion

5.2.1 NiO-YSZ Nanocomposite Powder Characterisation

The particle size distribution after freeze-drying has a volume weighted mean particle
diameter of 49 pm, indicating the formation of large soft agglomerates. The BET surface
area was calculated to be 189 + 1 m? g', which is significantly larger than the value of 4-8

m? g typical of commercial NiO-YSZ powder.

To stabilize such high surface area nanopowders in an ink, large amounts of dispersant and
solvent are required [198]. This undesirably lowers the solid loading of the ink and causes
difficulties to sinter the cast ink to a sufficient density. Initial attempts to make an ink from
the freeze-dried powder failed because, when the ink had an appropriate rheology for casting,
it was too dilute and the layer cracked upon drying and firing. Therefore, a calcination step
was introduced to purposely reduce the surface area, and additionally to remove

chemisorbed water and residual nitrates from the freeze-dried powder.

TGA and DSC analysis of the freeze-dried powder is shown in Figure 5.1b. The mass
decreased as the temperature increased until reaching a plateau of 83% at approximately
700 °C. The DSC shows two endothermic peaks, one at 100 °C and the other at 290 °C,
which are likely caused by the loss of physiosorbed and chemisorbed water. From the results
in Figure 5.1b, a suitable calcination temperature for the freeze-dried powder was chosen to

be 700 °C.

Constant heating rate dilatometry of the pressed pellet from the as-dried powder is shown
in Figure 5.1a. The shrinkage rate has a minor peak at 290 °C and a much larger one at

1320 °C. The minor peak correlates with the endothermic change at the same temperature
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in Figure 5.1b, implying the loss of chemisorbed water leads to a small degree of shrinkage.
The fastest shrinkage takes place at about 1300 °C and hence this was considered to be a

suitable sintering temperature for the electrode.
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Figure 5.1 Thermal properties of the NiO-YSZ powder. (a) dilatometry of the freeze-dried
NiO-YSZ green pellet: linear shrinkage and shrinkage rate vs. temperature (b) DSC and

TGA of the freeze-dried NiO-YSZ powder from room temperature to 950 °C

Both the particle size distribution and adsorption-desorption isotherm were measured again
after calcination and ball milling. The particle size distribution (Figure 5.2a) exhibited a
major peak between 2 and 3 pm and a minor peak at 10 - 20 pm. The mean particle size
was decreased by more than 10 times by the milling. The nitrogen adsorption-desorption

isotherm (Figure 5.2b) for the calcined and milled powder displays a type II isotherm with
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evidence of micro-pores (< 2nm). The total BET surface area is 51.3 £ 0.2 m? g and the

t-plot method determined that the micro-pore area is 22.7 m? g and external surface area

is 28.6 m? g.
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Figure 5.2 NiO-YSZ powder size distribution and surface area measurements. (a)The

particle size distribution measured by laser scattering as-dried and after calcination and

milling. (b) Adsorption and desorption isotherm of N, at 77 K of the NiO-YSZ nano-

composite powder after calcination and ball milling.

After calcination, the structure of the nano-composite agglomerates was examined by SEM

and an example is shown in Figure 5.3. The agglomerate is approximately 1 pm in diameter,

irregular in shape and consists of many fine primary particles less than 100 nm in size. The

pores in-between the fine particles are also less than 100 nm. The NiO and YSZ
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nanoparticles formed loosely-bonded micron-sized agglomerates, which are suitable for

processing into a castable ink.

200 nm* EHT = 5.00 kv Signal A = InLens
— WD = 13.8 mm Mag = 103.85 K X

Figure 5.3 SEM image of a typical agglomerate particle of the NiO-YSZ nano-composite

powder after calcination.

5.2.2 Ni-YSZ Nano-Composite Electrode Physical Characterisation

X-ray diffractometry of the sintered and reduced nano-composite electrode (Figure 5.4b)
confirmed its constituents as 8 mol% YSZ and Ni, with no other phases detected. Using
Rietveld refinement, the weight fractions of the two phases were determined to be 40.6 +

0.3 wt% for Ni and 59.4 + 0.3 wt% for YSZ. The nickel content in the electrode was also
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measured by mass changes following reduction and re-oxidation of a sintered pellet and

found to be 41.7 £+ 0.2 wt%, in good agreement with the X-ray analysis.
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Figure 5.4 Morphology and composition of the Ni-YSZ electrode (a) SEM image of the top
surface of the Ni-YSZ electrode. The particle circled in dotted line is YSZ and the particle
circled in solid line is Ni. (b) XRD pattern and Rietveld refinement of the Ni-YSZ electrode

c) SEM cross section of the Ni-YSZ electrode on the YSZ substrate.

The SEM image of the top surface of the Ni-YSZ electrode is shown in Figure 5.4a. The
particle sizes of Ni, YSZ and pores are all in the 100 nm range. Nickel particles tend to have
extra porosity nearby due to the volume shrinkage during NiO reduction, as seen in the
region circled in solid line in Figure 5.4a. The nickel particles appear to be more rounded
with rough surfaces and the YSZ particles more faceted with smooth surfaces (e.g. in the
region circled in dotted line). From the cross section in Figure 5.4c, the electrode thickness
was measured to be 15 pm and is uniform.
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Figure 5.5 The dual porosity microstructure (a) EDX mapping on the top surface of the
Ni-YSZ electrode combined with back-scattered electron image. The green region represents
where Ni is detected and red region, Zr. (b) schematic showing the evolution of the
microstructure in the fabrication route after 1) calcination and ball milling 2) sintering and

3) reduction.

The energy-dispersive X-ray (EDX) mapping in Figure 5.5a shows the location of Ni and
Zr. The two phases in the mapped region are intimately mixed primary particles with fine
porosity between them. Additionally, Figure 5.5a shows pores with two different length
scales. One type of pore is nanometre in size, which was also observed in Figure 5.4a. The
other type is micrometre in size. While the nano-sized pores are formed by the volume
shrinkage when nano-sized NiO is reduced to Ni, the micron-sized pores are formed during
the sintering of the NiO-YSZ cast layer between the soft agglomerates as illustrated in

Figure 5.5b. This dual porosity microstructure allows both fast gas diffusion through the
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micrometre pores and a large number of electrochemical reaction sites in the nano-porous

denser regions.

An image stack of 300 consecutive 2-D FIB-SEM slice-and-view images was analysed
quantitatively, resulting in a reconstructed volume measuring 10.45 pm x 5.29 pm x 5.98

pm as shown in

Figure 5.6a.
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Figure 5.6 3-D reconstruction from FIB-SEM image sequence. (a) 5-D reconstructed volume
of the Ni-YSZ electrode. The red region represents Ni and the yellow region YSZ. Porosity
is represented as transparent hollow space. (b) Percolated TPB network inside the 5-D
reconstructed volume. (c) Cumulative frequency curves for the equivalent diameter for the
three phases, Ni, YSZ and pores measured from the 5-D reconstructed volume. The average
particle sizes are determined from the 50" percentile (indicated by the dotted line). (d)
Frequency distribution of the pore size, showing a major peak at approximately 200 nm and

a raised tail at 1000 nm.

From the 3-D reconstruction, the percolated (active) TPB densities were measured as
described in [199], by counting the points neighbouring pixels of three different phases and

applying a smooth factor, and shown in
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Figure 5.6b. The total TPB density was calculated to be 36.2 pm™ and the percolated TPB
density was calculated to be 11.1 pm™. Literature values of TPB densities of other Ni-based
cermet electrodes are summarised in Table 5.1. The percolated TPB density in this electrode
is approximately 3 times the values reported for typical conventional Ni-YSZ electrodes and

is comparable to the high TPB electrode made by impregnation.

Table 5.1 TPB densities of Ni-based porous cermet electrode

Materials ~ Fabrication Active TPB (pm™) All TPB (pm?) Source
Ni-YSZ screen printing of 2.49 [200]
commercial power or 8.15 12.99 [201]
ink 1.66 2.56 [162]
~3.97 3.97 [135]
pressed pellet of NiO-  5.39 10.58 [202]
YSZ
colloidal deposition 4.28 [203]
technique
phase inversion 6.40 [204]
technique
Ni-CGO | Impregnation N/A (no percolating 18.4 [60]
Ni)
Ni-SeSZ 19 times impregnation  19.77 [156]

The particle sizes, indicated by their equivalent diameters, of the three phases are

determined quantitatively from the cumulative frequency curve (
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Figure 5.6¢) as 180 nm for Ni, 170 nm for YSZ and 310 nm for pores. In

Figure 5.6¢, 99% of Ni and YSZ “particles” are found to be less than 1 pm in diameter. The

pore size frequency distribution is plotted in

Figure 5.6d. The majority of the pores are 100-500 nm in diameter, but a noticeable raised

tail at 1000 nm confirmed the presence of a number of micron-sized pores.

5.2.3 Electrochemical Characterisation and Modelling

The in-plane conductivity of the Ni-YSZ electrode was 1390 S ecm™ at room temperature,
which is mainly the electrical conductivity of the nickel phase. The room temperature
conductivity of pure Ni is approximately 1.4 x 10°S cm™ [205] and hence the relative
conductivity of the Ni in the electrode is 0.010. Hong et al. [206] reported that the electrical
conductivity of conventional Ni-YSZ cermets varied from 500 S cm! to 14000 S cm
depending on the processing conditions and Ni content. The electrical conductivity of the
Ni-YSZ cermet in this study is hence considered satisfactory for the electrode function with

the nickel paste current collector used in the electrochemical experiments.

An impedance spectrum at 800 °C in humidified 5% H>- N» is shown in Figure 5.7a and the
total polarisation resistance is 0.56 Q cm?. Two different processes can be seen from the two
distinctive peaks in the frequency plot in Figure 5.7b, one at a low peak frequency of 4 Hz
and another at a higher peak frequency of 400 Hz. The high frequency response is related
to the electrochemical reaction taking place at the TPBs. The low frequency response is
associated with either the gas diffusion through the current collector, or a stagnant

boundary layer between the current collector and the bulk flowing gas [19]. The diffusion
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length [; of this response is calculated from its characteristic frequency f; according to
Equation 5.1 [207]. The effective binary diffusion coefficient D,y between H.O and N is 8.91
x 10°m? s at 800 °C is calculated based on 50% porosity of the current collector and Fuller
et al. equation [208].

_ | Pesr
lg = — (5.1)

The diffusion length was found to be 1.9 mm which is similar in magnitude to the thickness
of the stagnant layer reported by Primdahl and Mogensen [209]. Hence it was concluded
that the low frequency response is most likely associated with diffusion in the stagnant gas

layer outside the electrode.
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Figure 5.7 Impedance spectra of the nano-composite electrode after being exposed to
humidified 5% H.-Ns for 60 min at 800 °C and at open circuit, measured from 10 kHz to
0.01 Hz. (a) Nyquist plot compared with the equivalent circuit model (inset) fitting and the
physically-based model simulation (b) the Bode plot of the imaginary component (c) the

Nyquist plot after ageing for 10 h and for 100 h in humidified 5% H.-N..
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A 1-D transmission line physically-based model reported by Bertei et al.[158], similar to
that developed by Costamagna et al. [210] and by Paasch et al. [211] was applied to simulate
the electrochemical reaction response at the TPBs. In this model the impedance is given

by

cosh()+ Q[2+T sinh(I")-2 cosh ()]
I sinh(I")

Z=1L(p1 + p2) (5.2)

with Q = % and I' = \[i¥fL2(p;, + p,) + jwc’L2(p; + py)
1 2

In these equations Z is the complex impedance, L the thickness of the electrode, p; the
effective electronic resistivity and p.the effective ionic resistivity. The inverse of the effective
resistivities, that is, the effective conductivity of Ni o, and effective conductivity of YSZ
Oz are obtained from the intrinsic conductivity of each phase o; and o, multiplied by their
relative conductivities oz and oz which are controlled by the microstructures of the
electronic and ionic phases in the electrode. 7,° is the exchange current density per unit
volume of electrode, f the Faraday constant divided by temperature and universal gas
constant, o the angular frequency and c’the interface capacitance between Ni and YSZ per
unit volume of electrode. The volume specific exchange current density is calculated by
multiplying the exchange current density per unit length of TPB 4,7pp and the percolating
TPB density nrpp. Similarly, the specific interface capacitance is calculated by multiplying
the area specific double layer capacitance between Ni and YSZ Chivsz with the interfacial
area of Ni and YSZ per unit volume Api/vsz. The microstructural parameters used in this
simulation were obtained from the 3-D image reconstruction and are summarised in Table

5.2.
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Table 5.2 Physical and microstructural parameters used in the Transmission Line Model of

the nano-composite Ni-YSZ electrode

Parameter [unit] Value Source

L [m] 15 x 10 cross section SEM
o1 [S m] 2.32 x 10° [186]

o [ 0.05 £ 0.01 FIB-SEM

oy [S m] 3.10 212]

o [ 0.08 £ 0.02 FIB-SEM

iren [A m] 5.28 x 107 [213]

neg [m m 11.1 x 10 FIB-SEM

Chivsz [F m? 1.22 214]

Anipvsz [m? m?] 4.1 % 100 FIB-SEM

The exchange current density i4,7pp was calculated based on the experimental work of

Bieberle et al. [213] and summarized by Kanno et al. [215] as Equation 5.3.

0.67 0.849 X 105)

lorpg = 0.0013 PHzo'11 Przo " exp(— RT (5.3)

The exchange current density varies with partial pressures (in units of Pa) of Hs (paz) and
H>O (pazo). as well as the temperature 7. In this study, the impedance measurement was

carried out in 5% H. and 3% H-O.

The Nyquist and Bode plots in Figure 5.7a and b were also fitted with an equivalent circuit
with an inductor, a series resistance, a finite-length Gerischer element and a R-CPE element
for the low frequency response. The Gerischer element represents the electrochemical

reaction polarisation process in the electrode as expected from the transmission line model.
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The equivalent circuit Gerischer element response and the response simulated by the
physically-based model, using the microstructural parameters obtained from FIB-SEM 3-D
reconstruction, are seen to be in good agreement. The area specific resistance of the
electrochemical reaction for the simulation and the equivalent circuit fitting are both 0.26
Q cm?, which is better than the ASR of 0.36 © cm?reported in Chapter 2.1 of a similar

nanostructured electrode.

In a real operating SOFC, both the H, and H-O pressures vary with fuel utilisation and are
much higher than in the present experiments (50% H, and 50% H,O for example) and
consequently the exchange current density will be greater. The predicted electrochemical
ASR from the physically-based model with 50% H»>- 50% H-0O is 0.086 €2 cm? at 800 °C. This
is approximately half of the value, 0.15 2 ecm? regarded as a requirement in commercial

applications.

A degradation test was carried out by aging the cell in humidified 5% Hx> Ny at 800 °C for
10 h and 100 h. The impedance spectra after aging are shown in Figure 5.7¢c and were fitted
using the same equivalent circuit. The electrochemical reaction ASR was thus found to be
0.25 ©Q cm?after 10 h and 0.29 € cm? after 100 h. This degradation is low in comparison
with the rapid degradation observed in nanoscale impregnated Ni-cermet electrodes [156],
[212], [127], [132], [216]. The stability of this electrode and its microstructural evolution

during high temperature aging will be the subject of the next chapter.
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5.3 Conclusions

Fabrication of a nano-scale Ni-YSZ electrode has been achieved by hydrothermally
synthesising NiO/YSZ nano-composite particles. Calcination and ball-milling of the freeze-
dried slurry from the hydrothermal reactor generates micron-size soft agglomerates of the
nanoparticles which are suitable for incorporating into an ink to produce an electrode. The

optimal sintering temperature of this nano-composite powder was 1300 °C.

In the nano-composite Ni-YSZ electrode, the Ni particles have an average size of 180 nm
and the YSZ 170 nm. The microstructure has porosity at two length scales. There are
micron-size denser regions (corresponding to the agglomerates in the milled powder) with
internal pores approximately 310 nm in diameter. Separating the denser regions are larger
pores approximately 1 pm in diameter. This nano-composite electrode has a Ni loading of

41 wt % and a high percolated TPB density of 11.1 pm?2.

The room temperature in-plane conductivity of the nano-composite Ni-YSZ electrode was
1390 S ecm! and the electrochemical reaction polarisation resistance measured at 800 °C in
humidified 5% Hs> N> was 0.26 Q ¢cm? The measured impedance response was in excellent
agreement with a simulation using a transmission line model and microstructural
parameters measured by 3-D tomography of the electrode. From the simulation, an

electrochemical reaction ASR of 0.086 Q cm? at 800 °C is predicted in 50% H»-50% H-O.
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6 Microstructural Evolution of the

Nanostructured Co-sintered Nickle

Yttria-Stabilised-Zirconia Cermet

Electrode

Nanomaterials have attracted attention in SOC electrode engineering for the improvement
of electrochemical activity. However, the durability of nanomaterials during the high
temperature operations of SOCs is still questionable. Particle coarsening is aggravated by
the high surface energy of nanoparticles and undesirably the triple phase boundary and
active interface decrease more rapidly. In this chapter, a nanostructured Ni-YSZ electrode
is fabricated by formulating mixed nanoparticles of NiO and YSZ into an ink and tape
casting. The polarisation resistance of the nanostructured Ni-YSZ electrode is measured
while it is being aged at 800 °C in humidified 3% H»>-N». 3-D reconstructions of the electrode
microstructure after 1 h and 100 h of aging by FIB-SEM are compared to identify the
structural changes in nanoscale Ni, YSZ and pore. The microstructural evolution is related
to the polarisation resistance by electrochemical modelling. Finally, the enhanced stability
of this nanostructured Ni-YSZ electrode is explained by the coarsening behaviours from the

3-D reconstruction.
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6.1 Experimental

The nanostructured Ni-YSZ cermet electrodes were fabricated from nanocomposite powder
synthesized by CHFS using tape casting as detailed in Chapter 5.1. The cells used in this
chapter are fabricated in the same way as those used in Chapter 5. The EIS and van der
Pauw measurements were also detailed in Chapter 5.1 but now the EIS measurements were
carried out continuously as the cells were being aged at 800 °C. An equivalent circuit model
was fitted onto the EIS spectra using Zview and the corresponding distribution of relaxation
time graphs were computed based on a Tikhonov regularization with Gaussian function
discretization and a regularization parameter of 102 using the Matlab Plug-in developed by

Wan et al.[160]

FIB-SEM 3-D tomography was done on the Ni-YSZ electrode as detailed in Chapter 3.2
and 4.1. The network of each phase is separated into individual particles using a watershed
algorithm and the Equivalent Spherical Diameter (Ds) for each particle and the Equivalent

Circular Diameter (D.) for the necks between particles were calculated in Avizo.

6.2 Results and Discussion

The nanostructured Ni-YSZ electrode consists of micron-sized clusters of intermixed Ni and
YSZ nanoparticles. The Ni and YSZ particles are of the same length scale, from a few 10’s
nm to a few 100’s nm. The porous clusters of nanoscale Ni and YSZ have neighbouring

micron-sized pores as illustrated in the Figure 6.1.
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Figure 6.1 Cross-sectional SEM image of the nanostructured Ni-YSZ after 60 min of
reduction and aging at 800 °C. The region includes micron-sized clusters of intertwined

nanoscale Ni and YSZ network and pores in-between the clusters.

During aging, the total polarisation resistance of the electrode increased from 0.47 Q cm? at
14 min to 1.01 Q em?at 2010 min and then decreased to 0.87 Q cm?at 6100 min as shown
in Figure 6.2. The high frequency intercept on the Nyquist plot in Figure 6.2 is the ohmic
resistance from the YSZ electrolyte and the contact resistance of the current collector. The
DRT graphs in Figure 6.2 shows the presence of three different polarisation processes. At
the high frequency 10 kHz, the peak of the polarisation process R is partially distorted
by the inductive response but in general does not change significantly with aging. The

medium frequency response between 100 to 1000 Hz Rmeq, has a pronounced increase from
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the beginning of aging till 2010 min and then decreases from 2010 to 6100 min. The low
frequency response between 1 to 10 Hz Ri, remains relatively constant during aging. High

temperature aging of the electrode hence mainly affects the polarisation process Rumed

between 100 to 1000 Hz.
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Figure 6.2 The Nyquist plots of the impedance of the symmetrical cell with nano-composite
electrodes at 800 °C under open circuit voltage (left) at different aging time and their

corresponding distributions of relazation times (right).

To determine the physical processes responsible for each polarisation resistance, after the
cell was aged for 100 h and became was stable at 800 °C, the hydrogen content of the inlet
gas was changed. In Figure 6.3a, the low frequency ASR R, decreased as the hydrogen
content increased from 5% to 95%, but the medium frequency ASR R increased instead.
The high frequency response Rugn remained unchanged with gas composition. As the

temperature decreased from 800 °C to 700 °C in 5% humidified H,in Figure 6.3b, Riow
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remained constant. Both Rmeq and Rig increased with decreasing temperature, with Rmea

increasing more significantly.

The low frequency response Ri.y, sensitive to gas composition but not to temperature, is
attributed to the gas diffusion through gas boundary layer on top of the electrode, which
was also observed in similar set-ups [156][20][217]. The high frequency response Ruig,
sensitive to temperature but not to gas composition, is associated with the oxygen ion
transfer across the electrode and the electrolyte interface. Unfortunately, due to the
interference of the inductive signal at high frequency, it is not possible to accurately quantify
Riign from the DRT in Figure 6.3b. Nevertheless, Ru is significantly lower than the other
two polarisation resistances and plays only a minor part in the total ASR. The medium
frequency response Rueq is sensitive to both gas composition and the temperature. The
increase in Rmed with hydrogen partial pressure is likely to be caused by the competitive
adsorption equilibrium of H,, HoO and O on Ni surfaces at the TPBs [218]. The activation
energy for Ry is calculated in the Arrhenius plot in Figure 6.3c as 1.20 eV, which is similar
to the activation energy reported for the electrochemical reaction at TPBs [219][220]. Hence,
Ried is the polarisation process influence by the microstructural properties of the Ni-YSZ
electrode and significant in determining the electrochemical ASR. The impedance spectra
were fitted by the equivalent circuit shown in Figure 6.3d, with two R-CPE for the high
and low frequency responses and a Gerischer element for the medium frequency response
caused by the electrochemical reaction (Fitting result in Table 6.1). Some studies have
found that in certain Ni-YSZ electrode, the Gerischer element gave a better fitting than the
more commonly used R-CPE component [221][222][158]. The Gerischer element has been
widely used in modelling mixed ionic and electronic conductor (MIEC), and explained fully
by the Adler-Lane-Steele Model [159] or the TLM model detailed in Chapter 5.2.3. A

Gerischer element is suitable for modelling the EIS response of a diffusion process coupled
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to a electrochemical reaction [223]. In this work, the unique structure of micrometre cluster
of ionic conductor YSZ and electronic conductor Ni leads to an EIS response similar to a

MIEC and is well-modelled by a Gerischer element.
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Figure 6.3 DRT of the EIS measurement with varying hydrogen partial pressure (a) and at
different temperatures. The Arrhenius plot of the medium-frequency response Ry is plotted
and its activation energy calculated (c). The impedance spectrum of the symmetrical cell
aged for 6100 min at 800 °C in humidified 5% H.-N» in fitted with complex nonlinear least

square (CNLS) fitting with the equivalent circuit in the inset (d).
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Table 6.1 Values from complex nonlinear least square (CNLS) fitting on the impedance

spectrum in Figure 6.3d with the equivalent circuit of two R-CPFEs and one Gerischer.

High Frequency Medium Frequency Low Frequency
Resistance (R) 0.10 0.48 0.34
Capacitance (F) 2 x 10* 2 x 10° 5 x 107
CPE n exponential 1 N.A. 0.5

Two additional electrodes E1 and E100 were aged at 800 for 1 h and 100 h correspondingly
and their room temperature in-plane conductivities were measured as 1400 S cm™ and 180
S cm!. The decrease in the conductivity by almost one order of magnitude indicated
significant change in the Ni network. To monitor the degradation behaviour with time, the
variations of % Hx>-Ns for 60 h and another for 600 h are shown in Figure 6.4. During the
initial stage of aging, the electrochemical ASR Rmeq increased from 0.17 Q cm?; to 0.76 Q
cm?in the first 10 h. However, Rmeq decreased gradually afterwards. The long-term aging
shows that after the gradual decrease till approximately 200 h, Ryeqstabilised at 0.15 Q cm?.
The electrodes demonstrated interesting degradation behaviour with a peak ASR at 10 h
and a stable ASR in the long run. 3-D microstructure of electrodes E1 and E100 were
reconstructed by FIB-SEM as shown in Figure 6.4 to investigate the microstructural

changes.
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Figure 6.4 The ASR for R... with time for an electrode aged in the short term for 60 h and
another aged in the long term for 600 h. The FIB-SEM reconstructions of E1 and E100

electrodes correspond to the high temperature aging time indicated by the arrow.

The FIB-SEM reconstructions of E1 and E100 reveal the difference of particle size
distributions of the Ni, YSZ and pore. In Figure 6.5, the peak of the Ni particle diameter
distribution has shifted from approximately 50 nm to 400 nm after aging. The distribution
curve becomes broader after aging. For the YSZ diameter distribution, the major peak at
50 nm lowers and the minor peak at 300 nm becomes more prominent and shifts towards
400 nm. The pore diameter distribution peak at 50 nm reduces significantly after aging,
indicating the disappearance of very fine pores. The distribution curve for pores with a peak
at 400 nm, however, has no noticeable change after aging. The neck diameter distributions
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in Figure 6.6 show that the Ni neck size is larger for E100, but both the YSZ and pore neck
size stay relatively constant. Therefore, both the Ni and YSZ particles coarsened during the

high temperature aging as shown in Figure 6.5, but the extent of coarsening is less in YSZ.
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Figure 6.5 Distribution of the particles’ equivalent spherical diameters for Ni, YSZ and
Pore, with the particles identified by the watershed algorithm. The 5-D volume illustrates

the particles identified in the Ni network in E100. Each particle is represented by a different

colour to its neighbouring particles.
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Figure 6.6 Distribution of the neck diameter for the three networks, Ni, YSZ and pore in
E1 after 1h aging and E100 after 100 h aging. The necks are the areas shared by
neighbouring particles. The 3-D volume visualises the necks, indicated by different colours,

in the Ni network in E100.

The general consensus in the fuel cell community is that coarsening of Ni and YSZ are
undesirable as it reduces the TPB density of the electrode[224][44]. However, the study by
San Pang Jiang on Ni-8 mol% YSZ with an initial size of 0.36 pm, suggested that some
extent of coarsening at an appropriate temperature in fact reduced both the electrode ohmic
resistance and the polarisation resistance due to improved particle contact [225], though
their coarsening temperature was 1300 °C, much higher than the temperature in our study.
Ni coarsening has been frequently reported in the literature while YSZ has been regarded
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as a stable support structure. However, in this nanostructured electrode, sintering of YSZ
was observed at a relatively low temperature of 800 °C qualitatively in Figure 6.4 and
quantitatively in Figure 6.5. The initial particle diameter of YSZ of 50 nm is very small and
consequently the nanometer size results in high surface energy and a tendency to coarsen

at a relatively low temperature.

Table 6.2 Microstructural parameters and electrochemical resistance for electrodes E1 after

1 h of aging and E100 after 100 h of aging.

El E100
Percolated TPB density (pm) 13 +2 10.0 £ 0.3
Ni-Pore interfacial area (pm™) 1.8+ 0.2 0.4+ 0.1
Ni-YSZ interfacial area (pm™) 3.8+ 0.5 3.0+ 0.3
YSZ-Pore interfacial area (pm™) 2.8 £0.2 32+0.3
Tortuosity of Pore 3.0 +0.1 3.5+0.3
Tortuosity of Ni 5.5 £ 0.1 9.5+0.5
Tortuosity of YSZ 4.5+ 0.3 2.8 £0.3
Volume Fraction of Pore 0.40 £ 0.01 0.36 £ 0.02
Volume Fraction of Ni 0.27 £ 0.01 0.29 £+ 0.02
Volume Fraction of YSZ 0.32 £ 0.01 0.34 £ 0.05
Measured Rued (€ cm?) 0.26 0.20
Predicted R. (Q cm?) 0.22 4+ 0.02 0.20 £+ 0.01

The microstructural parameters of E1 and E100 are compared in Table 6.2. Error estimation
was done by calculating the standard errors from the image stacks of the same sample

regions segmented with three different input selections during machine learning
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segmentation. The percolated TPB density, decreased from 15.8 to 10.0 pm™? after aging.
However, the TPB density is still considered high even though it reduced by 37 %. The
interfacial area between Ni and the other two phases decreased, especially the Ni-Pore
interfacial area which decreased by 3 times. This suggested Ni has coarsened during the
high temperature aging. The increase of YSZ-pore interfacial area from 3.0 to 3.5 pm™
indicated the Ni coarsening is more significant than YSZ, as Ni coarsening exposed more
surface area of YSZ to pore space than the YSZ surface reduction due to its own sintering.
Meanwhile, the small extent of Ni-YSZ interfacial area decrease implies the interaction
between the two phases during microstructural re-arrangement resulted in a relatively
constant contact area. While the tortuosity of Ni increased after aging, the tortuosity of
YSZ halved instead. Sintering in Ni led to break up in Ni network but sintering in YSZ led
to enhanced connectivity. The pore network remained relatively unchanged. However, the

reduction of volume fraction of pore suggests the electrodes densified after aging.

In a porous Ni-YSZ electrode, the electrochemical reactions take place at TPBs. Electron
transport along Ni is fast and as the pore structure has not changed with time, the transport
of gaseous species is not much influenced by high temperature aging. It is hence likely that
the diffusion of oxygen ions in the YSZ network is a significant factor. The electrochemical
reaction resistance R, (corresponding to the experimentally measured Rmed)was simulated
from the microstructural parameters obtained by FIB-SEM in Table 6.2 , by a physically-

based model modified from the work of Paasch et al. [226].

The exchange current density per unit volume is the multiple of the exchange current
density per unit length of triple phase boundary (TPB) i°rpp and the length of TPB per

unit volume nrpg in the TPB electrode. The effective ionic resistivity can be written as the
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reciprocal of the effective ionic conductivity ci.. Hence, the DC area specific resistance R,
is expressed in Equation 6.1.

1
1

zF . 2
R (E (l?"PBnTPB)O-ion) (6.1)

The model assumes the thickness of the electrode is larger than the characteristic active
depth. In Equation 6.1, i°rpp is taken as 5.28 x 10° A m™ [102] at 800 °C in this testing
atmosphere. The term (i°rps nreg) is associated with the electrochemical reaction. The ionic
conductivity of YSZ i is responsible for the diffusion and is calculated by the intrinsic
YSZ conductivity 0.031 S ecm™ at 800 °C, corrected by its tortuosity and 33% volume
fraction in the electrodes. The predicted R, had excellent agreement with the measured Riea

as shown in Table 6.2.

Because both the TPB density and the tortuosity of the YSZ network change during high
temperature aging in this nanostructured electrode, the variation of the electrochemical
ASR with time is a result of the two effects combined. During the first 10 h of aging, the
decrease in TPB density was dominant as nickel nanoparticles coarsened rapidly and hence
an initial rapid increase in Rume was observed. Afterwards, the effect of YSZ nanoparticle
sintering took over and the improvement in effective ionic conductivity led to a gradual

decrease in Rued.

The microstructure of E100 is analysed further in Figure 6.7 with both 2-D image with
phase contrast and 3-D reconstructed volume. The contact angles between Ni and YSZ
measured in Figure 6.7a range from 100 ° to 150 °. Most of the bright nickel particles are
surrounded by the grey YSZ phase, with fractions of the edge exposing to pore. This is more
evident in Figure 6.7b, where the Ni network is contained within the YSZ network. In
Figure 6.7b, the sintering of Ni appears to be hindered when the easily accessible pore space
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in the nanoscale YSZ network is filled and the Ni reached bottle-necks of the YSZ framework

and formed high contact angles.

Ni network

Ni and YSZ
network

Figure 6.7 The morphology of the electrode E100 after 100 h of aging. The FIB-SEM image
in (a) shows nickel as the bright phase, YSZ as the grey phase and pore as the dark phase.
The contact angles between Ni and YSZ at TPBs within the region reframed in red are
measured. The 3-D reconstruction of a selected region in the electrode is shown in (b), with
the nickel network in red and YSZ network in yellow. The first 5-D image on the left shows
both phases, while the second image shows primarily the Ni network (with the YSZ phase

made translucent) and the third image the YSZ network.

Constant interfacial surface area between Ni and YSZ under operation, reported by Huber
et al.[227], suggested the YSZ backbone inhibits the Ni sintering in the cermet. Similar
constraint effects were also observed in other Ni-YSZ thermal cycling and annealing studies

[148][149][228][125]. In this nanostructured Ni-YSZ electrode, the constraining effect of YSZ
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network to Ni sintering is prominent in the closely-packed clusters with the Ni and YSZ of
the same nanometer length scale. This morphology stabilised Ni in the long term and
maintains the nanoscale features, which explained why Rmea eventually reached a low

plateau of 0.15 Q c¢m? in Figure 6.4.

6.3 Conclusions

The ASR of nano-structured Ni-YSZ electrodes, with micron-sized clusters where nanoscale
Ni and YSZ network entangled, were measured using impedance spectroscopy at 800 °C in
humidified 5% H,- N, during annealing. Three physical processes with different relaxation
times were observed and the response at 100 Hz, with an activation energy of 1.20 eV, was
associated with the electrochemical reaction in the nano-structured electrode. The
electrochemical reaction resistance varied significantly with time, increasing rapidly from
0.17 to 0.76 Q cm?in the first 10 h, but decreasing to 0.15 Q cm? at 200 h. Afterwards, the

electrochemical reaction resistance stayed constant at 0.15 Q cm? to 600 h.

3-D reconstruction of FIB-SEM image stacks from two electrodes E1 and E100, aged for 1
h and for 100 h correspondingly was built to extract microstructural information. The
percolated TPB density was lower at 10.0 pm™ for E100 than 15.8 pm?for E1. The Ni-YSZ
and Ni-pore interfacial areas both reduced as a result of 100 h aging but the YSZ pore
interfacial area increased slightly. The YSZ tortuosity also decreased from 4.34 to 2.44.
Particle diameter distributions showed both the Ni and YSZ became bigger from 50 nm to
a few 100 nm but the pore structure remained relatively unchanged. The strong correlation

between the electrochemical reaction ASR and the microstructural parameters in a physical
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model suggests that the TPB density and effective ionic conductivity are the two
determining factors for the performance of this nanostructured electrode. In E100, Ni was
also found to form high contact angles with the YSZ surface at the bottlenecks of the
nanoscale YSZ network. The coarsening of Ni is slowed down by the constraints in the more

stable YSZ network during long-term aging.

This chapter demonstrated the encouraging durability of this nano-structured Ni-YSZ
electrode with both Ni and YSZ particles in 10-100 nm scale. The 3-D analysis in line with
electrochemical measurement highlights the potential to minimise Ni coarsening by

microstructural engineering.
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7 Co-sintered Nanoscale Nickel

Gadolinia-Doped-Ceria Electrode

In this chapter, nanostructured Ni-CGO electrodes co-sintered from nano-composite
particles are fabricated, characterised and investigated for degradation under annealing.
The electrode was aged at 800 °C in humidified 5% H>N» while the impedance spectra were
recorded continuously. The initial and post-test microstructures were imaged by FIB-SEM
and 3-D reconstruction was carried out to extract structural information, for example TPB
and DPB densities. The focus is to understand how the microstructural changes during

annealing influence the polarisation resistance of the nanostructured Ni-CGO electrode.

7.1 Experimental

The composite powders of NiO and CGO were synthesized via CHFS by Dr. Paul Boldrin
[101]. The nanocomposite particles were washed thoroughly and dried in air. The dried
particles were calcined at 600 °C for 2 h and then ball milled for 24 h at 300 rpm. The
electrodes were made as detailed in Chapter 5.1.2 with a sintering temperature of 1300 °C
and a sintering duration of 2 h. The heating rate was set to a low value of 1 °C min™and a
dwell time of 1 h is set at 800 °C to avoid cracking caused by rapid shrinkage. The particle
size distribution, nitrogen adsorption and desorption isotherms and thermal analysis for the
as-dried powder and the XRD analysis for the as-calcined powder were also detailed in

Chapter 5.1.3.
136



One batch of symmetrical cells of the electrode as sintered were reduced in humidified 5%
Hs-N» with a flow rate of 100 ml min' at 650 °C and aged at 800 °C for 180 h till the
impedance spectra under open circuit conditions in a two-electrode set-up remained
unchanged with time. The H, partial pressures were then varied from 5% to 95% and the
temperature from 800 °C to 700 °C to record the impedance spectra in the different test
environments. The other batch of symmetrical cells were also reduced in-situ at 800 °C and
then monitored by impedance spectroscopy to trace the trend of degradation during
isothermal annealing. The distributions of relaxation times were calculated by the Tikhonov
regularization with Gaussian function descretisation based on the programme developed by
Wan et al.[160]. The regularization parameter was set as 10 SEM images were taken at
an accelerating voltage of 5 kV. FIB-SEM imaging and 3-D reconstruction were carried out

as detailed in Chapter 3.2 and 6.1.

7.2 Results and Discussion

The as-dried composite powders were measured by dilatometry and DSC/TGA to determine
the thermal properties. The shrinkage rate in Figure 7.1a shows the onset of sintering starts
as early as 290 °C. The sintering at 290 °C corresponds to the endothermic peak observed
in DSC in Figure 7.1b. At this temperature, the chemisorbed water on the powder as a
result of the hydrothermal flow synthesis evaporated and caused a shrinkage and mass
reduction. Between 500 to 1000 °C, there is a gradual shrinkage over a large temperature
range. The major sintering takes place at 1300 °C, though the sintering process spans over
a wide temperature range of approximately 400 °C as shown in Figure 7.1a. The sintering

of NiO-CGO happens continuously over the temperature range between 200 to 1500 °C
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instead of being triggered by a specific temperature. Hence, to avoid cracking due to the
continuous shrinkage, the heating rate must be sufficiently low when the composite powders
are being sintered. In Figure 7.1b, the mass of the composite powder decreases during
heating and stabilises at 600 °C. To completely remove the residual water and nitrates, the

as-dried NiO-CGO powder was calcined at 600 °C.
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Figure 7.1 thermal properties of the composite NiO-CGO powder. The sintering behaviour
is shown in (a) the shrinkage and rate of shrinkage during constant-rate heating measured
in dilatometer of a pressed green pellet using the as-dried powder. The mass change and the

endothermic reaction were shown in (b) by DSC and TGA.

As the calcination causes some degree of agglomeration, the calcined powder was ball milled
for a day to break up the large agglomerates. The particle size distribution of the final
powder is similar to the initial as-dried powder as shown in Figure 7.2a, with the majority
of the particles falling within 1-10 pm in diameter. The volume weighted mean diameter for
the particles are 7 pm for both the as-dried and after-calcination-and-milling powders. The

surface area of the powder was calculated from the isotherms in Figure 7.2b by the BET
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theory as 111.2 m? g''. The t-plot method determines that 8.8 m? g of the surface area is
from the internal surface of micropores (< 2nm). The BET surface area for the as-dried
powder was 158.7 m? g' and hence the calcination treatment has decreased the specific
surface area by 30%. Despite the surface area reduction, the surface area of the final Ni-
CGO powder is still very large as compared to the typically 10 m? g'! commercial powders
and the reported values for high-surface-area Ni-CGO powders [139][229][230]. After
calcination and milling, the initial nanopowders in aqueous slurry, which were 1-10 nm in
diameter, have formed agglomerates in Figure 7.2c. Each ‘particle’ in the final powder is a

micrometer-scale composite agglomerate of the NiO and CGO nanoparticles.
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Figure 7.2 particle size and surface area measurement. The volume-weighted particle size
distributions (in diameter) in (a) are plotted for the initial powders as-dried and the final
powders after calcination and ball milling. The adsorption and desorption isotherms on N,
for the final powder is plotted in (b). The SEM image in (¢) shows a typical particle of the

final powder sprinkled on the conductive carbon tape.

140



] Measured
Calculated
--------- Residual

| Peak Position

Intensity (a.u.)
S
s

2 Theta (°)

Figure 7.3 The XRD pattern corresponds to the Ni-CGO electrode cast on a YSZ substrate
after the electrode was sintered at 1300 °C' and reduced at 800 °C. The Bragg reflections
belong to Ni (Cubic) marked in the first row of peak positions and Cep9Gdy.1O1.05 (Cubic) in
the second row. The measured data are drawn with black dots, the calculated profiles in red

lines and the difference between the two in blue lines.

The micrometre particles comprising intermixed NiO and CGO finer particles (10 nm) are
then formulated into an ink, cast, sintered and reduced to Ni-CGO electrodes on YSZ
electrolytes. The Ni loading of the final powder was measured as 28.8 wt% by the mass
change of a sintered pellet in the oxidised state with NiO and reduced state with Ni. Rietveld

refinement was also done on the XRD pattern of the final electrode with Ni and
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Ceng0Gdo.10105 (CGO10) (Figure 7.3) and reported a Ni loading of 29.9 wt%, close to the
value determined by mass measurement. The cross section of the electrode was imaged by
FIB-SEM in a series of consecutive slices and Figure 7.4a is an example of an image slice.
The image stack was segmented based on the phase contrast between Ni, CGO and pore as
shown in Figure 7.4a and assembled into a 3-D volume of the porous Ni-CGO electrode as
shown in Figure 7.4b. From the 3-D volume, it is confirmed that Ni and CGO in the porous
electrode are interpenetrating to each other and the ‘particles’ are mostly in the scale of a
few 100 nm. Within the reconstructed volume, the percolating DPB and non-percolating

DPB can be extracted as illustrated in Figure 7.4b.
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Figure 7.4 FIB-SEM 5-D reconstruction of the porous Ni-CGO electrode. The original FIB-
SEM image taken by back-scattered electrons in (a) shows the phase contrast for Ni, CGO
and the resin-filled pore. The CGO appears to be very bright, followed by Ni and lastly the
resin is the darkest. The image histogram indicates three distinct peaks for the three phases.
The consecutive images following (a) were collected and the image stack was reconstructed
to the 3-D structure of the electrode in (b). The reconstructed volume on the left shows the
intertwined Ni (in red) and CGO (in yellow) in the porous structure. The volume on the
right shows the interface between CGO and pore, i.e. the DPBs. The grey network represents
percolated DPBs. The blue parts are the DPBs disconnected from the network and become

inactive.

The conductivity of the electrode was measured at room temperature by four-point van der
Pauw measurement to be 103 S cm™, which is satisfactory as a fuel cell electrode. A typical
Nyquist plot of the symmetrical cells of the Ni-CGO electrode is presented in Figure 7.5d.
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The DRT graphs in Figure 7.5a and b show how the impedance varies with different gas
compositions and temperatures. Two physical processes were identified in Figure 7.5a, one
at 0.2 Hz and another at 6 Hz. The higher frequency response at 6 Hz shows a major peak
and a broad shoulder at high frequencies. This peak shape is typical for a Gerischer-type
response, where diffusion of oxygen ions and electrochemical reaction at the surface are
coupled. In Figure 7.5a, the polarisation resistance Ri. of the low frequency response at 0.2
Hz decreases significantly as the H, partial pressure increases, while Rum of the higher
frequency response at 6 Hz only decreases slightly. The low frequency response is very likely
associated with gas diffusion processes. When the temperature decreases in Figure 7.5b,
both Risw and Ruen increase. The activation energy of the two processes are determined in
Figure 7.5¢c. The activation energy is 1.03 eV for the high frequency process and 0.50 eV for
the low frequency process. In the literature, the activation energy for electrochemical
reaction in Ni-CGO electrode is generally 1-2 eV as reported in [133][231][232]. Hence the
high frequency process is likely related to the electrochemical reaction taking place at the
DPBs and TPBs based on its activation energy and the Gerischer type behavior often
observed in CGO as a MIEC [233][234]. The low frequency process with a relatively low
activation energy and high sensitivity to gas composition is very likely related to gas
diffusion and other gaseous phase processes. Possible explanations for the origin of this
process are as follows.

i) Gas diffusion in the pores. When the pore size is in nanometer scale, Knudsen
diffusion is expected to play a role inside the electrode, instead of the bulk
diffusion. The gas diffusion in the pore has been observed in Ni-ceria infiltrated
Nb-doped SrTiOs electrode below 100 Hz [235] showing a weak temperature

dependence and also in anode-supported cells with a Ni-ScYSZ electrode [193].
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ii) Gas conversion/diffusion impedance. The gas diffusion in the stagnant layer on
top of the electrode can contribute to polarisation. This is significant with a low
gas flow rate[21] and dependent on the test set-up. Previous studies on Ni-CGO
electrodes have reported the observation of the gas conversion impedance at low
frequency (0.1-1 Hz)[236][237]. However, the gas conversion impedance should
show very small activation energy.

In Figure 7.5d, the impedance spectrum of the symmetrical cell was fitted with an equivalent
circuit, with a Gerischer element for the high frequency response associated with charge
transfer and a R-CPE component for the low frequency response associated with mass

transport.
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Figure 7.5 Impedance spectra and the corresponding DRT graphs of the symmetrical cells

under open circuit conditions at a flow rate of 100 ml min'. In (a), at 800 °C, the H,partial

pressure was changed from 5% to 95% and the DRT graphs were plotted accordingly. The

temperature of the measurement furnace was varied between 800 °C to 700 °C'in humidified

5% Hs-N, and the corresponding DRTs plotted in (b). The Arrhenius plot derived from (b)

is plotted in (c) and the activation energy of the two different processes taking place at

different characteristic frequencies, one between 0.1 and 0.5 Hz as R and the other between

2 and 10 Hz as Rug. In (d), an impedance spectrum (Nyquist plot) at 800 °C in humidified

5% H.-Nsis plotted together with the equivalent circuit model (ECM) fitting. The equivalent

circuit is shown in the inset in (d).
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The symmetrical cell was reduced-in situ and annealed at 800 °C in humidified 5% H>-N
while the impedance spectra were being monitored continuously in Figure 7.6. The low
frequency resistance Rj, varies between 0.12 to 0.13 €2 cm?®. The periodic variation of Ri
is caused by the water vapour pressure variation during the day because of room
temperature fluctuation. Despite this periodic fluctuation, Ri. remained unaffected by the
annealing with time throughout the 4000 min. In contrast, Ruen is approximately half of
Riew and experienced a rapid increase in the first 500 min of aging. After the early-stage
increase from 0.04 to 0.08 €2 cm?in the first 500 min, Ruig stayed constant at 0.08 € cm? till
4000 min. Similar trends of polarisation resistances were also shown for the symmetrical cell
reduced at 650 °C and annealed at 800 °C in Figure 7.7. After the transient degradation in
the first 10 h of aging, the Ni-CGO electrode showed excellent stability during high

temperature annealing.
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Figure 7.6 Variation of the polarisation resistances at high frequency and low frequency

during annealing at 800 °C.

Degradation of the electrode reduced at 650 °C and annealed at 800 °C is shown in Figure
7.7. The polarisation resistances at both the low and high frequencies are much larger than
the symmetrical cell reduced at 800 °C in Figure 7.6. The reduction temperature of NiO in
the cermet influences the diameters of Ni particles and hence the microstructure of the
composite [122]. The influences of the reduction temperatures on the electrochemical
performance require ongoing investigations and is beyond the scope of discussion. However,
the trends of the polarisation resistance during annealing are similar. The high frequency

resistance Ryign experiences a rapid increase during the first 200 min of annealing and reaches
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a plateau of 0.15 2 cm? which is maintained till the end of 10500 min (one week) annealing
test. The low frequency resistance Ry, shows the periodic fluctuation caused by the water
vapour pressure variation along with the daily temperature variation. Again, the strong
coupling of the water vapour pressure and Ri.y suggests that it may not only be a pure gas
diffusion phenomenon, but also a thermally-activation physical or electrochemical reaction
involving water vapour. One possibility is that this polarisation process is associated with
the electrochemical reactions at the nanoscale pores, where gas access is more restricted and
hence is highly sensitive to the water vapour pressure in the gas chamber. The Ri. also
experiences a gentle increase at the early stage of annealing, possibly due to some structural
rearrangement in Ni as the temperature is raised to 800 °C, but eventually reaching a

relatively constant value of 0.40 €2 cm? as the mean value of the daily fluctuations.
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Figure 7.7 The variations of the polarisation resistances at high and low characteristic
frequencies with the annealing time is depicted here. The symmetrical cell was reduced at
650 °C for 1 h and heated up to 800 °C' for the annealing and impedance measurements in

humidified 5% Hz-No.

SEM images of two Ni-CGO electrodes aged for 60 min and 4000 min were compared in
Figure 7.8. The cross section of the 60-min aged electrode in Figure 7.8a shows distinct
morphologic difference between Ni and CGO. The CGO grains appear faceted while the Ni
grains appear rounded. Ni grains appear to be sitting in a cavity due to small pore space
around them created by the shrinkage when NiO is reduced to Ni. Very fine Ni particles

below 10 nm were also present in the cross-sectional images. Those particles are below the
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detection limit of the FIB-SEM imaging in Figure 7.4. The EDX mapping on the top surface
confirmed that the Ni and CGO networks are intertwined with each other. In Figure 7.8b,
the very fine Ni grains are no longer observed after 4000 min of aging. In the dense region
captured in the first image on the left in Figure 7.8b, the particles are a few 100 nm in
diameter. Morphology difference between the Ni and CGO grains becomes less noticeable.
This is very likely to be caused by the Ni growth at 800 °C filling up the small pore space
around them. The next two images in Figure 7.8b show the coarsened nickel particles in
the porous region. The coarsened Ni particles have grown to 500 - 1000 nm in diameter and
remained attached to the dense region. The limited free space in the dense region has
resulted in the tendency for the coarsened Ni to bulge out into the neighbouring open pore

space.
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Figure 7.8 SEM images of the electrode after 60 min and 4000 min of annealing at 800 °C
in humidified 5% Hy-No. The almost pristine electrode with 60 min annealing and in-situ
reduction is presented in (a). The image on the left is the cross section of the electrode and
on the right is the top surface of the electrode with EDX mapping, where orange indicates
Ce and green indicates Ni. In (b) are the cross-sectional images for the electrode with 4000

min annealing and in-situ reduction.

FIB-SEM 3-D tomography was again used to reconstruct the 3-D volume for the porous Ni-
CGO electrode after 4000 min of annealing. The active TPB networks in Figure 7.9a for
the 60-min aged electrode and 4000-min aged electrode reveal that the reduction of TPB
densities is mainly caused by break-up of the TPB network. The density of blue lines in
many localised regions have not shown drastic change qualitatively. However, it is
noticeable that some regions in the 4000-min electrode are deprived of the blue lines while

in the 60-min electrode, the blue lines run through the whole volume. Figure 7.9b shows
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that the Ni particles are mostly 100 nm and the CGO particles 50 nm. Though Ni coarsening
was apparent in the qualitative observation in Figure 7.8b, the coarsened particles do not
reach a substantial number statistically. In Figure 7.9b, there are slight increases for Ni
particles about 500 nm after 4000 min of aging, but the increase is of minimal significance.
The CGO particle size distribution is not significantly affected by the aging either. The

CGO network stays relatively rigid during annealing.

The coarsened Ni particles in this nanoscale Ni-CGO electrode lead to the disconnection of
certain regions of TPB networks. Because the number of coarsened Ni particles are relatively
small in comparison to the total number of Ni nanoparticles, the TPB density in the well-

connected regions has remained relatively unchanged after annealing in Figure 7.9a.
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Figure 7.9 Microstructural comparisons between the electrodes aged for 60 min and for
4000 min at 800 °C. The active TPB network in the 3-D volume is shown in (a) as the blue
lines and the particle diameter distributions of Ni and CGO for the two reconstructed

volumes are shown in (b).

The microstructural parameters extracted from the 3-D reconstruction of the two electrodes
E60 aged for 60 min and E4000 aged for 4000 min are summarised in Table 7.1. The total
TPB densities of the two electrodes are comparable, but the active TPB density has reduced
by 3 times in E4000 as compared to E60. This confirmed the qualitative observation in the
TPB networks in Figure 7.9a that Ni coarsening mainly causes disconnection of certain
regions of TPBs. Specific interfacial area between Ni and pore has increased and between

Ni and CGO decreased because of Ni coarsening. However, the specific interfacial area
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between CGO and pore, which is the DPB density, remained relatively constant. Tortuosity

of the CGO and pores are not largely affected by the annealing, but the Ni tortuosity is 58%

larger in E4000 than in E60. While Ni coarsening has occurred in the porous composite

electrode, the CGO structure is relatively unaffected by high temperature annealing.

Table 7.1 Microstructural parameters of the 3-D reconstruction for the electrodes aged for

60 and 4000 min

Sample 4000 min aged 60 min aged
volume of analysis (pm?) 788 1086

total TPB density (pm?) 16 £ 2 14+1
active TPB density (pm™) 2.7+ 0.1 85+ 0.5
Ni-Pore interfacial area (pm™) 1.1 £0.1 0.8 +£ 0.1
Ni-CGO interfacial area (pm™) 2.5 + 0.3 3.0£0.5
CGO-Pore interfacial area (pm*) 1.8 £ 0.2 1.9+0.3
tortuosity of Pore 3.6 +0.1 3.8+ 0.1
tortuosity of Ni 10.2 £ 0.6 6.9+ 0.3
tortuosity of CGO 24 +0.2 2.2 +0.1
volume fraction of Pore 0.24 + 0.02 0.26 £ 0.02
volume fraction of Ni 0.20 + 0.01 0.24 4+ 0.02
volume fraction of CGO 0.57 £+ 0.05 0.50 £ 0.03

With the microstructural parameters in Table 7.1, the electrochemical performance can be

modelled by the Adler-Lane-Steele (ALS) model[159] in Equation 7.1 and 7.2, with some

modification to include the effect of TPBs.
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Rehem is the polarisation resistance and tu.em is the characteristic relaxation time. R is the gas
constant, T the temperature and F the Faraday’s constant. 1 is the tortuosity of the CGO
and f, the jump correlation factor for oxygen diffusion. f,is approximated to 0.7 with
diffusion via free vacancies [238]. Vcaois the volume fraction of CGO, which was determined
by FIB-SEM as 50%. A is the thermodynamic factor and for CGO, it is 2. a is the DPB
density, which is approximately 1.9 x 10* cm for this nanoscale Ni-CGO electrode. C, is
the concentration of oxygen sites and C, the concentration of vacancies. D* is the oxygen
tracer diffusion coefficient, previously measured by secondary ion mass spectrometer (SIMS)
as 6 x 10® cm?s™ at 800 °C [239].

k, is the intrinsic surface exchange coefficient of the material and k* is the tracer surface
exchange coefficient. Neglecting any tracer correlation effect, the two coefficients are
identical. Based on a study on samarium-doped-ceria (SDC) [240], the surface exchange
coefficient k* is approximately 2 x 10°cm s at 800 °C and 10" atm pOsin H>- HO mixture.
In this Ni-CGO material, the surface reaction can take place through two parallel routes,
either on the CGO surface or at the TPBs. Hence, the TPB reactions are considered as add-
on effects, explained in Equation 7.3, to the DPB reactions already accounted for in the

ALS model.

-0
L nrpB
krpp = L2 PR 7.3
TPB 2Fac, ( )

156



The add-on effect on the surface exchange coefficient at TPBs, krpg, is calculated from the
TPB exchange current density. Due to the limited literature about exchange current density
at Ni-CGO-pore boundary, the TPB exchange current density i°repz was taken from
experiments on a Ni-YSZ pattern electrode by Bieberle and Gaukler [241], as 5.28 x 107 A
cm™ at 800 °C. nrpp is the active TPB density, which is 8.4 x 10%cm™. The krpgis calculated
to be 1.5 x 10%cm s

Therefore, the k* and ko in Equation 7.1 and 7.2 are replaced by ker, which is the sum of
krpp and k*, to account for the surface reactions at both the TPBs and DPBs. Repem is
calculated as 0.085 € cm? , in good agreement with the measured polarisation resistance of
Ruign in Figure 7.6 and teem 0.016 s, which is approximately 9 Hz, close to the characteristic
frequency for the high frequency response reported in Figure 7.5. Hence, the high frequency
response is suggested to be associated with the surface reaction and oxygen ion bulk diffusion
in the Ni-CGO electrode, giving a Gerischer-type response in the impedance spectra.

It is also worth noting that the add-on kres from the model is one order of magnitude lower
than the k* for CGO. The contribution of TPBs to the electrochemical reaction is much
less significant than the DPBs in the Ni-CGO electrode. This also explains why, despite the
drastic change in Ni morphology during the high temperature annealing, the electrodes
remained relatively stable as indicated by the polarisation resistances in Figure 7.6. However,
the influence of TPB reactions may be significant during the very early stage of aging where
a very high TPB density and very fine nickel particles (~ 10 nm) were present. The rapid
initial degradation is likely a result of coarsening of Ni nanoparticles. The roles of TPBs
and DPBs were also investigated in [242], which pointed out that varying the TPB density
while holding the DPB density constant in metal-SDC pattern electrodes does not influence

the electrochemical reaction resistance. Hence, in this nanoscale Ni-CGO electrode, where
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both Ni and CGO are mainly 50 — 100 nm in diameter, the electrochemical reactions take
place predominantly at the DPBs.

Finally, the electrode after 4000 min aging is examined closely in Figure 7.10. Ni
agglomeration is noticeable in Figure 7.10a, where the Ni phase has extended into the pore
space and grown to 1 pm in size. In the electrode with approximately 30 vol% porosity, the
coarsened Ni tends to grow into the sub-micron sized larger pores (the porous regions shown
in Figure 7.8b) after filling in the 10-100 nm small cavities they are originally located in.
However, encouragingly in Figure 7.10b, many Ni particles are still sitting in the 10-100 nm
small cavities and not bulging out into the open pore space. One important characteristic
of those Ni particles constrained in the small pores is that the cavities they are sitting in
have openings with convex corners. The contact angle between the Ni and CGO at the edge
of the openings are larger than 90 °. As the wettability between metal and oxide is poor
[243], the convex corners effectively inhibit the Ni coarsening by imposing a geometrical
constraint. In contrast, the agglomerated Ni particles in Figure 7.10a are originating from
a cavity with concave corners where the contact angle between the Ni and CGO at the
edges is smaller than 90 °, which is energetically unfavourable. In the nanoscale Ni-CGO
electrode, the structural relationship between Ni and CGO networks is hence important in

determining the stability of the electrode.
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(a) - Agglomerated Ni _ Concave Corners

Figure 7.10 Magnified views of the electrode aged for 4000 min at 800 °C in humidified 5%
H:-N,. Nickel is presented in red and CGO in yellow. In the images on the left, Ni was
made translucent to highlight the CGO network structure and vice versa for the images on
the right. On one side of the zoom-in region (a), Ni coarsening is appreciable and a few
agglomerated particles are labelled. On the other side of the region (b), Ni coarsening is

much less severe and many Ni particles remained very fine.
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7.3 Conclusions

A high stability nanostructured Ni-CGO electrode has been fabricated by co-sintering NiO
and CGO in the form of nanocomposite powders produced by hydrothermal flow reaction.
The nanocomposite powders require heat treatment at 600 °C to remove residual water and
nitrate and a slow heating rate is required to avoid excessive shrinkage during sintering.

The powders have a high BET surface area of 111.2 m? g’.

The electrodes sintered at 1300 °C and reduced at 800 °C, with approximately 30 wt% Ni
loading, were measured by impedance spectroscopy at 800 °C in humidified 5% H-N» under
OCV. Two polarisation processes were observed at 0.2 Hz and 6 Hz. The higher and lower
frequency resistances have activation energies of 1.03 eV and 0.50 eV respectively. Based
on the activation energy and the characteristic relaxation time and resistance simulated
from the modified ALS model of the electrode impedance, the higher frequency response is

associated with the electrochemical reactions at the TPBs and DPBs.

Annealing at 800 °C indicated that the nanostructured Ni-CGO electrodes are stable at
high temperature and showed a long-term total polarisation resistance of 0.20 Q cm? SEM
images of the cross section of the electrodes showed Ni particles have coarsened during
annealing, grown to micrometer larger particle bulging into the open pore space. FIB-SEM
3-D reconstruction on two electrodes aged for 60 min and 4000 min respectively showed
that the active TPB density has decreased from 8.4 to 2.7 pm?2, which is related to a loss
in TPB connectivity as a result of Ni coarsening. However, the DPB density remained
relatively constant, which is responsible for the stable electrochemical performance under
high temperature annealing. The particle size distributions of Ni and CGO have major peak

at 100 nm and 50 nm for both 60 min-aged and 4000 min-aged electrodes. Statistically, the
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number of coarsened Ni particles are not significant. Constraint effect to Ni movement is
imposed by the CGO network when the Ni is held in cavities with convex-cornered openings,
where the contact angles between Ni and CGO are larger than 90°. The CGO network is

therefore the key to the stability of the co-sintered nanostructured Ni-CGO electrode.
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8 Conclusion

Nanostructured nickel cermet electrodes demonstrate excellent electrochemical performance
for SOFC and SOEC applications. Three types of microstructures are investigated in this
thesis as illustrated in Figure 8.1. The Ni nanoparticles in the impregnated electrode in
Figure 8.1a is sitting on the surface of the ScSZ scaffold while the Ni nanoparticles in the
co-sintered electrode is partially enclosed by the YSZ or CGO network in Figure 8.1b and
c. In the impregnated electrode, the ScSZ particles are of 1 pm in scale much larger than
the impregnated Ni, but in the co-sintered electrode, the YSZ and CGO particles are of 10

— 100 nm in scale, comparable to the size of the Ni.

EHT = 5,00 kV Signal A = InLens Dato :26 Apr 2016
WO = 7.1 mm Mag = 2389 KX Time 94212

Figure 8.1 SEM images of the three types of microstructures investigated a) nickel-
impregnated ScSZ, b) co-sintered Ni-YSZ nanocomposite powder and c) co-sintered Ni-

CGO nanocomposite powder.
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At 800 °C in 3% H.O-5% H>N,, the Ni-impregnated ScSZ electrode exhibited an
electrochemical reaction ASR of 0.17 €2 cm? and the co-sintered Ni-YSZ also 0.17 2 cm? at
OCV. The co-sintered Ni-CGO electrode demonstrated a total polarisation resistance of
0.16 © cm?®. Despite the different microstructure, all three types of nanostructured electrodes
as-reduced showed low polarisation resistance. Using AC impedance, different polarisation
processes were observed in the electrode response. For the zirconia-based electrodes, the
ionic transfer process between the electrode and the electrolyte generated a polarisation at
high frequency. The polarisation at medium frequency range is associated with the
electrochemical reaction at the TPBs. At the low frequency (approximately 1 — 10 Hz) is
an artefact response of gas conversion impedance resulting from the gas stagnant layer on
top of the electrode. For the ceria-based electrode, due to the MIEC property of CGO, the
analysis on EIS is more complicated. In the higher frequency range, a Gerischer response
was observed, which is associated with the electrochemical reactions occurring primarily on
the CGO surface. The response at lower frequency between 1 — 0.1 Hz is both thermally
activated and affected by gas composition and hence the origin of this response needs further

investigations.

The degradation behaviours of the three nanoscale electrodes are compared in Figure 8.2.
A rapid degradation was observed in the time scale of 10 h for nanostructured electrodes.
The rapid increase in electrochemical ASR was most prominent in the Ni-impregnated ScSZ
electrode as the ASR increased by an order of magnitude, which was attributed to rapid
coarsening of Ni nanoparticles. The electrochemical reaction ASR for co-sintered Ni-YSZ
electrode firstly increased from 0.17 to 0.76 Q2 cm?as a result of nickel coarsening but then
decreased back to 0.15 €2 cm?due to the sintering of YSZ nanoparticles which increased the
ionic conductivity of the electrode. In the co-sintered Ni-CGO electrode, the initial increase

in the total polarisation resistance was observed due to Ni coarsening but later the ASR
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stayed constant during annealing despite the decreasing TPB density. The electrochemical
reactions at the DPBs are more significant than those at the TPBs and therefore a relatively
stable CGO network led to stable ASR. For the 50 h aging comparison in Figure 8.2, the
polarisation resistance of the three electrodes start off from very similar initial values as-
reduced. Both resistances for the Ni-impregnated ScSZ electrodes and the co-sintered Ni-
YSZ electrodes then shoot up by 5 times during the first 10 h, but for the co-sintered Ni-
YSZ electrodes the performance improved afterwards, while the Ni-impregnated ScSZ
continued to degrade. The electrochemical resistance of co-sintered Ni-CGO electrode

remained relatively low and stable over the whole duration, in comparison.
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Figure 8.2 Trends of the electrochemical polarisation resistances of the three different
electrodes during aging at 800 <C' in humidified 5% H, — N.
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Evidence of nickel coarsening was seen in post-test analysis by both 2-D images and 3-D
reconstruction. Shifts towards larger particle diameter in the Ni were observed in both the
impregnated and co-sintered Ni cermet electrodes. However, the rate of degradation was
higher in the nickel impregnated ScSZ electrode, where the nickel nanoparticles speckled on
the surface of ScSZ scaffold. The co-sintered Ni-YSZ and Ni-CGO electrodes are both
relatively stable towards high temperature annealing in humid hydrogen atmospheres in the
time scale of 100 h. The interpenetrating networks between the nanoscale ceramic phase
(CGO or YSZ) and nanoscale Ni play a role in minimising nickel coarsening. In the
impregnated structure, the open space around Ni gave rise to fast kinetics of coarsening as
suggested by the rapid degradation in ASR. The co-sintered electrodes form entangled
networks of Ni, pore and YSZ/CGO on the nanometre scale and large contact angles
between the Ni and YSZ/CGO. The large contact angles and limited free pore space slowed

down the Ni coarsening and preserved the nanostructure (100 nm) of the electrodes.

The extent of Ni coarsening also affects the TPB densities as shown in Figure 8.3. Both the
co-sintered Ni-CGO electrodes and the Ni-impregnated ScSZ electrodes experience an
approximately 3x decrease in TPB density after aging. Despite the decrease in TPB density,
Ni-CGO electrodes still maintain good performance due to the relatively stable DPB density
but the performance of Ni-impregnated ScSZ electrodes deteriorated drastically.
Encouragingly, the TPB density of co-sintered Ni-YSZ electrodes only decrease by ~17 %.
This is due to mitigation on Ni coarsening by the YSZ network. The relatively stable ceramic
phase can mitigate Ni coarsening when they form interpenetrating networks and are of

comparable length scale.
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Figure 8.8 The active (percolated) TPB densities of the three electrode as-reduced and after
aging. The TPB densities Jor co-sintered electrodes are measured from FIB-SEM 3D
reconstructions and for Ni-impregnated ScSZ electrodes are calculated from the

electrochemical polarisation resistances using the physical TLM model.

Considerable sintering was observed in YSZ in the nanoscale Ni-YSZ electrode investigated
in Chapter 6, which was evident from the decrease in YSZ tortuosity, a shift towards larger
particle sizes and the reduction in the volume fraction of pore. However, the nanoscale CGO
network did not experience an apparent shift towards larger particle size and hence it was
concluded in Chapter 7 that there was no observable sintering in CGO. However, the
dilatometry results in air (Figure 5.1 and Figure 7.1) show that CGO sinters more easily at

800 °C. This contradiction may be caused by the small sampling volumes of FIB-SEM
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tomography. As the FIB-SEM region is much smaller than the actual volume of the
electrode, it may not be able to capture microstructural gradients at a larger length scale
(e.g. 10 pm) in the electrodes even when the sampling volume is deemed homogeneous in
the representative volume check. Apart from the possible error from small sampling volume,
the sintering of the ceramic phase can be influenced by the microstructure of the porous
electrode, as the microstructure is very different from a dense green pellet of NiO-CGO or
NiO-YSZ used in dilatometry. The sintering rate is also dependent on the surface diffusion
rate given the particular curvature in the microstructure and number of particle-particle
contacts. Hence, it is possible that the nanoscale YSZ sinters more easily than CGO in the

porous composites.

Finally, the study has correlated the microstructural parameters extracted from FIB-SEM
3-D reconstruction of the electrodes to the ASR from the EIS analysis before and after the
aging of the Ni cermet electrodes. It was demonstrated the established electrochemical
models can accurately predict the impedance response of SOFC electrodes from its
microstructural parameters and reversely, the impedance response reflects changes in SOFC
microstructure during degradation. The combination of FIB-SEM and EIS is a powerful

tool for characterising SOFC electrode degradation.
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9 Future Work

In this study only two-electrode measurements at OCV were conducted. A three-electrode
measurement where the DC current fluxes are introduced between the working and counter
electrodes is closer to the actual operating condition of SOFC electrodes. Jiao and Shikazono
[244] reported that the electrochemical polarisation increased the local humidity at TPBs
and decreased surface tension of Ni. The wettability of Ni on YSZ was enhanced under
polarisation in the Ni film anode sputtered on YSZ substrate. Hence, it is possible that
electrochemical polarisation in the cell influences the kinetics and mechanism of nickel
coarsening. Future degradation tests of the nanostructured electrodes in the study should
be monitored by EIS with three-electrode measurement to account for the effect of current

on Ni morphology evolution.

The electrochemical models applied in this study account for the ionic conducting phase
and the electronic conducting phase, but not the effect of pores. Most of the modelling work
has focused on the gas flow behaviour in the gas channel outside the SOFC electrodes [245].
When the pores in the electrodes are also scaled down to nanometre range, the gas diffusion
in the electrodes’ pores may become dominant and Knudsen diffusion kicks in when pore
diameter is comparable to the mean free path of gas molecules [19]. In the case of
nanostructured porous SOFC electrodes, the gas diffusion inside the porous media needs to
be accounted for in the model, for example the ‘Dusty Gas Model’. It is worth developing
an electrochemical model which incorporates the gas diffusion in electrode when simulating

the impedance response from the microstructural data.
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To understand the fundamental properties of nickel coarsening in a cermet structure,
patterned electrodes will give the most direct indications of microstructural evolution as
compared to the actual SOFC electrodes. It has been qualitatively found in this study that
the contact angles and structural relationship between the Ni and the YSZ networks
influence the kinetics of nickel coarsening. Future experiments will be designed to
understand this interaction and quantify the relevant parameters in more details by using
pattern electrodes. The contact angles between the Ni and YSZ are modified in the pattern
electrode to investigate its influence in nickel coarsening at the operating temperatures of

SOFCs.

Ultimately, X-ray nanotomography is available to non-destructively trace the
microstructural evolution of nickel nanoparticles inside the actual SOFC electrodes. It has
been demonstrated by De Angelis et al.[117] and Kennouche et al. [246] that using X-ray
imaging can follow the time evolution of the same sample volume under high temperature
aging. In this study using FIB-SEM, only the global microstructural parameters such as the
TPB density, tortuosity of phases etc. are analysed. With X-ray nanotomography, the local
phenomenon which can provide direct evidence of the nickel coarsening mechanisms will be

obtained.
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10 Publications and Presentations

e Chen J, Ruiz-Trejo E., Atkinson A., Brandon NP, 2017, Microstructural and
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e Chen J, Bertei A, Ruiz-Trejo E, Atkinson A, Brandon NP, 2017, Characterization

of Degradation in Nickel Impregnated Scandia-Stabilize Zirconia Electrodes during
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e 5-8th July 2016, European Fuel Cell Forum 2016, Poster Presentation
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