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Abstract

Nanostructure engineering is an effective approach to enhance the electrochemical performance
of energy devices. While the high surface area of nanoparticles greatly enlarges the density of
reaction sites, it often also leads to relatively rapid degradation as the particles tend to coarsen to
reduce their high surface energy. Therefore, a nickel / gadolinia-doped-ceria (CGO) cermet
electrode is studied, with a novel porous nanostructure consisting of nanoscale Ni (100 nm) and
CGO (50 nm) crystallites, co-sintered from nano-composite precursor agglomerate particles.
This electrode combines both high performance and excellent durability, with a total area-
specific resistance (ASR) of 0.11 Q cm? at 800 °C and a stable ASR with up to 170 h ageing in
humidified 5% H2>-N.. Post-test analysis by 3D tomography shows that nickel coarsens and is
responsible for the initial increase in ASR. However, the subsequent electrochemical
performance is stable because reaction at the double phase boundaries (DPBs) on the surfaces of
the nano-scale CGO becomes dominant and is resistant to ageing. At this stage the coarsened Ni
network is also stabilised by the surrounding nanostructure. The dominant role of the DPB
reaction is supported quantitatively using a continuum model with geometrical parameters

obtained from 3D tomography.



Introduction

Nanoscale cermets have shown enhanced performance in many high temperature applications,
such as catalysts, thermal coatings, solar power plants and solid oxide cells (SOC). The benefit
of high interfacial area when the particles are reduced to nanometre scale is mainly to increase
chemical/electrochemical reaction rates. Other benefits can include faster transport properties *
and higher fracture toughness 2. However, nanoscale cermets, particularly porous ones, have
questionable durability for high temperature applications as higher surface area increases the

tendency to coarsen.

Ni / gadolinia-doped-ceria (CGO) porous cermet is widely used in solid oxide fuel cells (SOFC)
and solid oxide electrolyser cells (SOEC) as the fuel electrode. For example, there has been great
interest in Ni-CGO electrodes in intermediate-temperature water electrolysis 3. CGO
demonstrates very high ionic conductivity, almost an order of magnitude higher than yttria-
stabilised zirconia (YSZ) at 500 °C . CGO is also a mixed ionic and electronic conductor
(MIEC) in a reducing atmosphere at high temperature. Typically it displays significant electronic
conductivity at above 450 °C in reducing atmospheres and has a high ionic conductivity of
approximately 0.5 S cm™ at 800 °C °. When acting as part a Ni-CGO fuel electrode, the
electrochemically active zone is extended to include the pore-CGO interface by the mixed
conduction and is not restricted to the triple phase boundary (TPB) as is the case with Ni-YSZ
electrodes. The percolated interface between CGO and pores, where electrochemical reaction can
take place, is often called the double phase boundary (DPB). Additionally, the Ni metallic phase

in the cermet compensates for the low electronic conductivity of CGO for electronic current



collection. Some studies also suggest that Ni promotes the chemisorption of hydrogen from the
gas phase thereby enhancing the electrochemical reaction on the CGO surfaces ©. The TPBs and
DPBs and their corresponding reaction paths in the porous Ni-CGO electrode are illustrated
schematically in Figure 1a. However, the reaction mechanisms in Ni-CGO electrodes and the

relative importance of TPBs and DPBs are not fully understood at present.

Incorporating nanoparticles into SOC electrode structures has been reported to enhance the
electrochemical reaction kinetics. Reducing the particle size of Ni and CGO to nanometer scale
improves the percolation of the phases 7 and also enlarges the electrochemically active zone
including both the TPBs & and the DPBs. For example, Ni-CGO spray pyrolyzed film electrodes
with 16 nm particle size exhibited a lower polarisation resistance of 0.34 Q cm?at 600 °C in
humidified 20% H2-N2 as compared to 1.73 Q cm? for an electrode with 53 nm particle size made

by a similar process °.
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Figure 1 Illustration of the microstructure of a nanoscale porous Ni-CGO electrode. (a) The schematics
show the paths of different reactant and product species at the TPB site and the DPB site, and the
location of TPBs and DPBs in the porous composite electrode. (b) 3D visualisation of the porous

nanocomposite Ni-CGO electrode fabricated from co-sintering the nanopowder in the present study.

Regardless of the benefits, the stability of any nano-structured electrode is always in question.
Nickel coarsening has been found in Ni-CGO cermets at 700 °C *° and for nano-sized
microstructure at 400 °C L. Sintering of Ni and Ni loss were observed after 20000 hours’
operation 2 and were accelerated by a low concentration of Hz (5%) and a high current density
13 Nickel coarsening in the cermet electrode causes a decrease in TPB density . The issue of

coarsening is expected to be worse in nanoscale materials with high surface energy.

In the literature there are only a few studies of the degradation of nanoparticles in porous cermets
as a result of annealing. Ni nanoparticles incorporated into porous zirconia scaffolds by the
impregnation technique exhibited considerable degradation in operation due to the coarsening of
nanoparticles 156, though some of these studies showed that co-impregnation with CGO or other
oxide phases can reduce this degradation *’. In addition, there is also limited understanding of the
roles of TPBs and DPBs as reaction sites when the feature size is reduced to nanometer scale.
Chueh et al. studied patterned Ni-CGO electrodes to distinguish the effects of TPBs and DPBs
and demonstrated that having finer ceria particles is beneficial *8. However, decoupling the TPB
and DPB reactions with typical Ni-CGO porous microstructure has not been investigated. This
knowledge is not only important for SOCs, but also for other applications in which nano-

structured cermets can greatly enhance catalytic activity or interfacial toughness.



Almar et al. ¥ found that good inter-penetration between ceramic and metal networks in
mesoporous Ni-CGO electrodes enhanced their stability at 800 °C. A well-sintered and rigid
CGO framework’ and modified interface between Ni and YSZ*°, were found to reduce nickel
coarsening and maintain high electronic conductivity. Therefore, in this study we examine the
degradation behavior of a novel nanostructured Ni-CGO porous cermet electrode during high
temperature ageing in order to determine: a) the changing relative contributions of TPBs and
DPBs to the overall electrochemical performance; and b) whether the nano-structured CGO can
inhibit nickel coarsening. The nanostructured Ni-CGO electrodes were fabricated by co-sintering
nanocomposite powder made from intimately mixed nanoparticles of NiO and CGO, to form
interpenetrating networks. A 3D view of the microstructure of this electrode is illustrated in
Figure 1b. The electrodes were aged at 800 °C in humidified 5% H2-N2 during which time
impedance spectra were recorded periodically. The initial and post-test microstructures of the
electrodes were imaged by focused ion beam-secondary electron microscopy (FIB-SEM) and 3D
reconstruction was carried out to extract structural information, including TPB and DPB

densities.

Experimental

The nano-composite powders of NiO and CGO were synthesized by a continuous hydrothermal
flow synthesis (CHFS) method ?°. Aqueous salt solutions of nickel nitrate, cerium ammonium
nitrate and gadolinium nitrate were mixed in a flow reactor with a stream of superheated water at
450 °C and 22.1 MPa. The co-precipitated mixture of oxide particles was recovered by

centrifugation of the reactor output. The recovered oxide particles were washed thoroughly in



deionised water and dried in air at 70 °C. The dried particles were calcined at 600 °C for 2 h to
remove chemisorbed water and then ball milled with zirconia media in ethanol for 24 h at 300
rpm to break down large agglomerates. The nano-composite powder was then mixed with
terpineol, an ethyl-cellulose binder and Hypermer KD-15 dispersant to make an ink. Electrodes
were produced by casting the ink on both sides of an 8 mol% Y SZ substrate (fuelcellmaterials
YSZ-2.0, 20 mm in diameter and 0.28 mm in thickness) and sintering at 1300 °C for 2 h. A low
heating rate of 1 °C min"tand an intermediate dwell time of 1 h at 800 °C were used to avoid
cracking of the electrodes caused by rapid shrinkage. Characterisation of the powder and its heat

treatment is described in Supplementary Note 1. The final electrodes were typically 30 um-thick.

In order to explore how the electrode performance changes with test conditions it is necessary to
have a stable performance that does not change with time. Therefore for these experiments a
batch of specimens was produced in which the as-sintered electrodes were first reduced (in
humidified 5% H2-N2 with a flow rate of 200 ml min at 650 °C) and then aged at 800 °C for
170 h until the electrochemical impedance spectra (EIS) remained unchanged with ageing time.
The water vapour was introduced by passing the inlet gas through a room-temperature water
bubbler, which leads to approximately 3% H>O. The impedance spectra of the aged electrodes
were then recorded as the H> partial pressure was varied from 5% to 95% and the temperature
from 800 °C to 700 °C. A different batch of samples was reduced in-situ at 800 °C in humidified
5% H2-N> and used to trace the trend of degradation during isothermal annealing in the same
conditions using EIS. For each impedance spectrum the DRT was calculated using Tikhonov
regularization with Gaussian function discretisation based on the programme developed by Wan

et al.?L. The regularization parameter was set as 1072.



Samples of the electrodes were vacuum impregnated with epoxy resin and coated with gold for
FIB slicing. The voxel size of the FIB-SEM images is 20 nm in this work. Details of FIB-SEM

imaging and image processing are described in Supplementary Note 3.

Results and Discussion

Microstructure of the nanocomposite electrodes

SEM images of the hydrothermally synthesised hanocomposite powder were taken to examine
the particle microstructure. The actual NiO and CGO primary particles after calcination (see
Supplementary Note 1 for detailed thermal analysis) and milling, remained a few 10 nm in
diameter as shown in Figure 2a, but the particles formed loose nanocomposite agglomerates as
seen in Figure 2b, which was captured by the laser scattering in Figure Sla as the micrometer-
scale ‘secondary particles’. The total specific surface area of the calcined and milled powder
was calculated from the isotherms (See Supplementary Figure S1b) by the Brunauer-Emmett-
Teller (BET) theory to be 111 m? g, which is higher than that of commercial powders (typically

10 m? g) and other high-surface-area Ni-CGO powders 17222,
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Figure 2 Characterisation of the nanocomposite powder used in the fabrication process. (a)
SEM image showing the primary particles in the final powder and (b) SEM image of the soft
composite agglomerates. (c) The reconstructed 3D volume on the left shows the Ni (in red) and
CGO (yellow) phases in the porous structure. The representation on the right shows the
interfaces between CGO and pore, i.e. the DPBs. The grey network represents percolated DPBs
which are the active reaction sites. The blue parts are DPBs that are isolated and are inactive

for electrochemical reaction.

The Ni content in the electrode material was measured as 28.8 wt % by the mass change of a
sintered pellet after reducing the NiO to Ni (ignoring any mass changes in the CGO). From the
X-ray diffraction (XRD) pattern of the final electrode after reduction the Ni content was

calculated by Rietveld refinement to be 29.9 wt %, close to the value determined by reduction



(Supplementary Figure S3). The 3D microstructure of the electrode (after ageing for 60 min at
800 °C) was imaged by FIB-SEM in a series of consecutive slices. The image stack was
segmented based on the grey scale distribution (Supplementary Figure S2) and assembled into a
3D volume of the porous Ni-CGO electrode as shown in Figure 2c. From the 3D volume, it was
confirmed that Ni, CGO and pores in the electrode form mutually interpenetrating networks with
granularity on the scale of a few 100 nm. Within the reconstructed volume, the percolating and
non-percolating TPBs and DPBs were extracted and quantified as illustrated for the DPBs in

Figure 2c.

Electrochemical impedance of electrodes

An electrode was aged for 170 h at 800 °C in humidified 5% H in order to make sure the
electrode microstructure would be stable during the electrochemical studies. Distribution of
relaxation time (DRT) spectra of the impedance response of the aged electrode are presented in
Figure 3a and 3b and show how the DRT response varies with hydrogen partial pressure and
temperature. Three peaks are evident in Figure 3a; one at a peak frequency of 0.2 Hz (P1), a
second at 6 Hz (P2), and a third at approximately 200 Hz (P3). In Figure 3a, the polarisation
resistance of the low frequency response (P1) decreases significantly as the Ho partial pressure
increases, while the two higher frequency responses (P2 and P3) are only slightly affected, if at
all. Furthermore, the peak frequencies do not change. When the temperature decreases (Figure
3b), all the peaks increase in magnitude, but P1 is less sensitive to temperature than the others. It

is also interesting that as the temperature is reduced the characteristic frequency of P1 moves to a
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higher frequency whereas P2 and P3 move to lower frequencies. Thus, P2 and P3 are connected
and probably relate to a common electrode process. This behaviour is often found for the DRT
of a Gerischer-type response. These have a broad frequency response that can appear as two
peaks as an artefact of the DRT transformation. In the present case the Gerischer response is
expected from the solid-state diffusion of oxygen ions coupled with electrochemical reaction at
the internal surfaces of the porous solid. A typical Nyquist plot of the impedance response of
another electrode after ageing for 70 h at 800 °C is presented in Figure 3d and is fitted to an
equivalent circuit comprising an R-CPE element for P1 and a Gerischer element for P2+P3. An
Arrhenius plot of the resistances corresponding to P1 and P2+P3 (derived from the impedance
data corresponding to Figure 3b) is shown in Figure 3c. From this, the activation energy for P2+P3
was determined to be 0.94 eV and 0.41 eV for P1. In the literature, the activation energy for
anodic reaction in Ni-CGO electrodes is generally reported to be in the range 1 to 2 eV 7242,
Hence the higher frequency process (P2+P3) is concluded to be due to the electrochemical
reaction taking place at the DPBs and TPBs, based on its activation energy and the Gerischer
type behavior expected for a mixed conductor 26?7

The low frequency process P1, with a relatively low activation energy and high sensitivity to
hydrogen partial pressure, could be related to a gas diffusion process in series with the
electrochemical reaction. For example, gas diffusion in the stagnant layer on top of the
electrode, or through the current collector, would constitute an impedance in series with the
electrochemical reaction. Previous studies on Ni-CGO electrodes have attributed a low frequency
contribution (0.1-1 Hz) to a gas conversion impedance 282°. Additional losses caused by diffusion
of gas within the pores of the electrode would not necessarily appear as an additional process in

series with the electrochemical reaction, because the mixed conduction in the electrode can
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spread the coupled processes further away from the electrode/electrolyte interface to compensate.
However, gas transport contributions in series with the electrochemical reaction should all show
negligible activation energy, which is not observed here. Therefore, the origin of the P1 process

is currently unclear and will be discussed further later.
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Figure 3 Impedance and DRT spectra for electrodes after ageing at 800 <C. (a) The effect on the DRT of

changing H. partial pressure from 5% to 95% at 800 °C (humidified at 3 % H.O and balance N). (b) The
effect on the DRT of changing temperature from 800 °C to 700 °C in humidified 5% H2-N.. (c) Arrhenius

plots of the ASR contributions from processes P1 and P2+P3 and the corresponding activation energies.

(d) Nyquist plot of impedance data measured at 800 °C in humidified 5% H>-N. plotted together with the

equivalent circuit. The solid line is the response of the equivalent circuit and the points are measured

data.
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Effect of ageing on electrochemical performance and microstructure

Two fresh symmetrical cells were reduced in-situ and aged at 800 °C in different atmospheres,
one in 95% H> and the other in 5% H>. The impedance responses taken as the electrodes aged
are shown in Figure 4a. The cell reduced in 95% H shows a lower total polarisation resistance
of 0.10 Q cm? initially and then stabilises at 0.11 Q cm?. The cell reduced in 5% H. shows a
slightly higher total polarisation resistance of 0.16 Q cm?and stabilises after 2 h. The
electrochemical performance is comparable to the best-performing Ni-CGO electrodes reported
(see Supplementary Table S1), which is approximately 0.1 Q cm? at 800 °C in 5% Hz. The cell
reduced and aged in 5% H> continued to be aged for a longer time while the impedance spectra
were measured periodically. The evolution of the ASR contributions from the high frequency
response (P2 + P3) and low frequency response (P1) are shown in Figure 4b. The ASR
associated with P1 is seen to fluctuate between 0.12 to 0.13 Q cm? This fluctuation has been
seen previously in similar experiments with Ni-YSZ electrodes *° and is caused by changes in the
water vapour pressure resulting from variation of room temperature during each 24 h period.
This shows that P1 is sensitive to water vapour concentration as well as hydrogen concentration.
Despite this periodic fluctuation, the ASR of P1 remained essentially unaffected by ageing
during the 4000 min exposure. In contrast, the ASR contribution from P2+P3 displays a rapid
increase, by almost a factor of 2, in the first 500 min of ageing and then shows only a slight
increase thereafter. Similar trends were also observed for electrodes reduced at 650 °C and aged
at 800 °C (see Supplementary Figure S4). Therefore, after the early degradation associated with
P2+P3, the electrodes showed excellent stability during high temperature ageing. The

performance at 800°C in 5% H. and 3% H-O can be summarised as an initial total ASR of 0.16
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Q cm? rising to approximately 0.20 ©Q cm? after 20 h and thereafter a degradation rate less than

0.1 mQ cm? h',
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Figure 4 Variation of the polarisation resistances associated with processes Riow (P1) and Rnigh
(P2+P3) during ageing at 800 °C. The different Nyquist plots during the first 2 h of ageing in
humidified 95% H»-N2 and in humidified 5% H»-N> are compared in (a). The cell aged in
humidified 5% H»>-N. was annealed for a longer time of 70 h and the trends in polarisation

resistances are shown in (b).

SEM images of two Ni-CGO electrodes aged for 60 min and 4000 min in humidified 5% H>-N>

are compared in Figure 5. The cross section of the electrode aged for 60 min in Figure 5a shows
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a distinct difference in morphology between Ni and CGO grains. The CGO grains appear faceted
whereas the Ni grains appear rounded. Ni grains also tend to be in cavities that have probably
been created by the volume reduction when NiQO is reduced to Ni. Dispersions of very small Ni
grains with diameter of approximately 10 nm can also be seen. EDX mapping in Figure 5b
confirmed that the Ni and CGO networks are interpenetrating. Also in Figure 5a, pores of two
different length scales, one of 10 — 100 nm and the other of approximately 1 um are observed.
This dual-porosity characteristic is a result of the two-stage heat treatment fabrication process, in
which secondary micron-sized agglomerates consisting of primary nanoparticles are sintered 3L,
In Figure 5c¢, after 4000 min of ageing, in a more porous region some Ni particles have coarsened
to approximately 1 um in diameter. However, in the denser regions, fine Ni particles 100 nm in

diameter have been preserved, because the limited free space constrains the coarsening.
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Figure 5 SEM images of electrodes after ageing at 800 °C in humidified 5% H,-N,. (a) Electrode after in-
situ reduction and ageing for 60 min, where pores of two different length scales are observed; the zoom-
in view of the region outlined in blue reveals Ni particles of 100 nm and 10 nm in size. (b) the top surface
of the electrode in (a) imaged by back-scattered electrons with energy-dispersive X-ray (EDX) mapping,
where orange indicates Ce and green indicates Ni. (c) Cross-sectional fracture surface image of an

electrode after in-situ reduction and 4000 min ageing.

FIB-SEM 3D tomography was used to reconstruct a 3D volume for each of the aged electrodes.
The active (percolating) TPB networks in Figure 6a reveal a qualitative reduction of TPB density
on ageing caused by coarsening and disruption of the nickel particle network. However, the
density of blue lines in several localised regions do not show any obvious change. After 4000

min ageing some regions have only a few active TPBs, whereas they are more uniformly
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distributed after 60 min ageing. Figure 6b shows the corresponding particle size distributions.
The Ni particles are mostly approximately 100 nm and the CGO particles approximately 50 nm.
Although Ni coarsening was apparent in the SEM observation in Figure 5c, the coarsened
particles do not constitute a substantial number statistically and only a slight increase is seen in
the number of Ni particles with size approximately 500 nm after 4000 min of ageing, and a slight
decrease in the 100 nm peak in Figure 6b. Bearing in mind the logarithmic scale of the particle
size distribution, the 100 nm frequency peak is still dominant after ageing. The CGO particle size
distributions are not significantly affected and the CGO network stays relatively unchanged by
ageing. On the log scale the original 100 nm peak in the Ni diameter distribution remained the
most significant at 60 min and 4000 min, and hence it can be concluded that the stable nano-
structured CGO network acts as a constraint on nickel coarsening in the denser regions such that
the nano-scale nature of the nickel particles is maintained there even after significant ageing. The
conductivity of the electrode, after ageing for 60 min and for 4000 min at 800 °C, was measured
at room temperature by four-point van der Pauw method to be 103+2Scm?and 118 +10 S
cm! respectively, which is sufficient electronic conductivity for a viable electrode and does not

change significantly with ageing.
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Figure 6 Microstructural comparisons between the electrodes aged for 60 min and for 4000 min at
800 °C. (a) The active TPB networks, shown as blue lines, and (b) the corresponding particle diameter
distributions of Ni and CGO (the frequency is plotted on a log-scale). The distribution for 60 min-aged

electrode is in blue and for the 4000 min-aged electrode in red. Their overlap appears purple.

Quantitative microstructural parameters were extracted from the 3D reconstructions and are
summarised in Table 1. The total TPB densities of the two electrodes are not affected by ageing,
but the active TPB density was reduced by a factor of 3 as the ageing time increased from 60 to
4000 min. This is a reflection of the qualitative observation in Figure 6a, that Ni coarsening
causes disconnection of TPBs in some regions. The specific interfacial area between Ni and

pores has increased, and between Ni and CGO decreased, because of Ni coarsening. However,
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the specific interfacial area between CGO and pores, which is the DPB density, remained
relatively constant. Tortuosity of the CGO and pore networks are not largely affected by the
ageing, but the tortuosity of the Ni network has increased by 58% as the Ni network becomes
more disrupted. The porosity of electrode stays relatively unchanged; 26% after 60 min of aging

and 24% after 4000 min of aging.

Table 1 Microstructural parameters from the 3D reconstruction for the electrodes aged for 60 and 4000

min

Sample 60 min aged 4000 min aged

Volume of analysis (um?) 1086 788

Volume fraction of Pore-Ni-CGO 0.26-0.24-0.50 0.24-0.18-0.58

Total TPB density (um?) 13.6 15.6
Active TPB density (um™) 8.4 2.7
Ni-pore interfacial area (um™) 0.71 1.00
Ni-CGO interfacial area (um™) 2.92 2.52
CGO-pore interfacial area (um™) 1.91 1.85
Tortuosity of pores 3.76 3.64
Tortuosity of Ni 6.90 10.88
Tortuosity of CGO 2.19 2.32

Interpretation of electrochemical performance
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In order to gain a deeper understanding of the electrochemical performance of the electrodes we
have adapted the Adler-Lane-Steele (ALS) theoretical model of mixed conducting electrodes .
This theory was developed originally for single phase mixed conducting SOFC cathodes but is
applicable to composite electrodes provided that the scale of the microstructural features in the
electrode is sufficiently small that the composite approximates to an effective single-phase mixed
conductor. This is expected to be valid for a nano-scale composite. A further assumption in the
theory is that there is no significant resistance to the transport of gaseous species in the pores of
the electrode with the result that the gas composition is uniform throughout the electrode. The

theory predicts that the impedance Z shows a Gerischer response of the form

1
Z=Ry,., m (1)
where
R, :( RT j rfo @)
" 2F% )\V,,ciaD"k*
and
b = g e @

In addition, the characteristic depth of exponential decay over which the stoichiometry of the
mixed conductor is displaced from its equilibrium value (approximately equal to the active depth

of the electrode) is given by
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In these equations Rchem IS the polarisation ASR and tchem IS the characteristic time constant. R is
the gas constant, T the temperature and F the Faraday constant. D* is the oxygen tracer diffusion
coefficient and 7 is the tortuosity of the ionic conductor (CGO). fo is the jJump correlation factor
for oxygen diffusion and is approximately 0.7 for diffusion via free vacancies in the fluorite
structure 2. Vien is the volume fraction of ionic conductor and a is the specific area of the pore-
ionic conductor interface. co is the concentration of oxygen, and cv the concentration of oxygen
vacancies, in the ionic conductor (in moles per unit volume). In CGO the vacancies comprise a
constant background created by doping, plus additional vacancies created by reduction. Hence
we can Write Cv = Cv,doping + Cv, reduction. In the original theory ko is the intrinsic surface exchange
coefficient for oxygen at the surface of the mixed conductor and k* is the oxygen tracer surface
exchange coefficient. Neglecting any tracer correlation effects, the two coefficients are identical.

A is a thermodynamic factor defined by

1

2

aIn( poy)
oin(c, )

0P|

1g
|

2Py,

Q)

The microstructural parameters required in these expressions were taken from the analysis of the
3D reconstructed microstructures and are listed in Table 1. The reaction and transport

parameters for CGO10 were estimated from the literature as described below.
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The formula for CGO can be written as Ceq-xGdxOz-x2-9) Where Jis the deviation from

stoichiometry (due to oxygen vacancies) that results from reduction and can be approximated by

3435

S=

9100 —220,000/J mol™ | -%
— exp T Poz  (6)
[Gd Ce]

The prevailing oxygen partial pressure was estimated for the gas compositions and temperatures
of the experiments using the software HSC Chemistry (Outotec, Finland) and the values are
given in Table 2. Hence the corresponding deviation from stoichiometry was calculated using

Equation 6 and the thermodynamic parameter A (Equation 5) as

Ao O =[GdCe]+25 )

CV ,reduction 5

D* and k* for oxygen in CGO10 have previously been measured at high oxygen partial pressures
by secondary ion mass spectrometry (SIMS) 3. The estimated D* values in the reducing
conditions of the present experiment are shown in Table 2 (details in Supplementary Information
Note 6) *7 38,

In a study on samarium-doped-ceria (SDC15) using typically 10% H./ 2.3% H>O mixtures,
Gopal and Haile *°, found the surface rate constant to be approximately 2 x 107" m s* at 800 °C
and independent of poz in the range 104 to 1022 atm. We have used the result of Gopal and
Haile at 800 °C, and estimated a value at 700 °C based on the difference between their

measurements at 800 and 750 °C.
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Table 2 summarises the values used for all the parameters in applying the theory to the present

results, together with the calculated electrochemical performance metrics compared with our

measured values.

Table 2 Parameters and results for application of ALS theory to the present electrodes

Parameter Units 800°C 700°C

Po2 atm 1.5 x 1010 5.1 x 10°%2
5 2.85 x 1072 0.935 x 102
D* at po2 m? st 1.67 x 10 5.2 x 1012
k* at po2 ms? 2.00 x 10”7 1.00 x 1077
A (“thermodynamic factor”) 4,51 11.7

Rchem at 60 min ohm cm? 0.043 0.11
P2+P3 measured ohm cm? 0.06 0.15

fmax at 60 min Hz 11.4 195

fmax measured Hz 6 4

ls at 60 min pum 3.2 2.5

In the Ni-CGO electrodes, the surface reaction can take place through two parallel routes, either

on the CGO surface (DPBs) or at the TPBs. The theory as outlined above describes only the DPB

reaction pathway. In order to deal with the TPB pathway it is necessary to express an equivalent

reaction rate constant in terms of TPB quantities as
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k. [&_oTPB 8
TPB ZaFCO ( )

In this expression i, is the exchange current per unit length of TPB and ntpg is the active TPB
density, which was measured to be 8.4 x 108 cm™ at 60 minutes of ageing (Table 1). For the
exchange current density at the Ni-CGO-pore TPB, an indicative value was taken from
experiments on Ni-YSZ patterned electrodes by Bieberle and Gaukler 4°, as 5.28 x 107 A cm™ at
800 °C. Hence krpg Was calculated to be 1.5 x 10°cm s at 60 min ageing. This is 20 times
lower than k* for the DPB pathway which shows that after this relatively short time of ageing the

DPB pathway is dominant.

From Table 2, the calculated values of Rchem are in reasonable agreement with the measured
polarisation resistances of P2+P3. Furthermore, the peak frequencies are also in reasonable
agreement with the measured values. In a study of nickel-infiltrated CGO electrodes, Kishimoto
et al. ** measured an ASR of approximately 0.3 ohm cm? at 700 °C on an electrode with a similar
DPB density to the present ones. This was in good agreement with the 1-D numerical model they
used to calculate the DC response of their electrode based on the DPB reaction and is in
reasonable agreement with the value of 0.11 ohm cm? for P2+P3 calculated in the current study
(Table 2). The estimated effective active depth of the electrode lsis approximately 3 um which
justifies the assumption that the nanoscale composite behaves as an equivalent homogeneous
mixed conductor. However, the theory predicts that the peak frequency should increase as the
temperature is lowered, whereas it is observed to decrease slightly. This discrepancy might be
partly due to the increased overlap between P1 and P2 seen in Figure 3 as the temperature is

lowered. The effective activation energy for Renem deduced from the calculated results is 0.84
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eV/atom, which is in good agreement with the measured value of 0.94 eV for P2+P3. The ALS
theory was also used to estimate the effect of changing the hydrogen concentration from 5 % to
95 %. At 800 °C this decreases the poz to 4.2 x 10?2 atm and the deviation from stoichiometry
increases to 0.12 *. This high concentration of vacancies is in the range in which the results of
Katsuki et al *® show the oxygen mobility to be decreasing. As a result, if it is assumed that D*
and k* are not changed by the increased hydrogen concentration, then Rehem IS also unchanged in
agreement with the experimental observation in Figure 3. In summary, there is sufficient overall
agreement between theory and experiment to conclude that P2+P3 is associated with the DPB
reaction on the CGO surfaces combined with oxygen ion bulk diffusion in the CGO and fast

electronic transport mainly through the nickel network.

As illustrated in the schematics in Figure 7a, at the beginning of ageing, the fine Ni particles (10
nm or less) coarsened quickly. The contribution of the TPBs to the electrochemical reaction is
dominant in this 1% hour of ageing and the increase in ASR from P2+P3 during this period is
attributed to coarsening of the nickel network and reduction in active TPB density. It is very
likely that, the initial Ni particles from in-situ reduction are finer than 20 nm, which then coarsen
within a few hours and can lead to a 10x decrease in TPB density*2. This phenomenon has been
reported in nano-impregnated Ni electrodes *® and during redox-cycling**, when very small Ni
nanoparticles are produced from in-situ reduction of NiO. During the second stage of ageing in
Figure 7a, Ni still undergoes restructuring in the cermet network as evident from the increase in
Ni tortuosity and loss in TPB percolation in Table 1. The networks of Ni and CGO in the
electrode after 4000 min ageing are also revealed in Figure 7b, where they have formed a closely

intertwined structure. However, the results in Figure 4 indicate that after approximately 500 min
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at 800 °C, as the DPB reaction pathway becomes dominant, the ASR becomes relatively stable
despite the further change in nickel morphology during this period. This dominance of the DPB
route is consistent with the results reported in 8, where varying the TPB density, while holding
the DPB density constant, in metal-SDC patterned electrodes did not influence the
electrochemical reaction resistance. Hence, in the present nanoscale Ni-CGO electrodes after
only a short period of ageing, the TPB density diminishes and the electrochemical reaction take
place predominantly at the DPBs. As a result, the long-term stability of ASR for these electrodes
is due to the dominance of the DPB reaction and is not sensitive to the continued coarsening of
the nickel. It is worth mentioning, that even though Ni coarsened rapidly during the early stage
of ageing in this nanoscale structure leading to some break-up of the TPB network, the addition
of Ni is still important to improve electronic conduction. It is reported that, Ni coarsening in
cermets can be exacerbated by higher water vapour pressure #° and high current density 346,
Therefore, the effect of Ni coarsening in these Ni-CGO electrodes requires further investigation
under typical operating current density and water vapour content. However, high water vapour
pressurel” and high current density® have negligible effect on the CGO ceramic network. As the
nanoscale structure in the present electrodes provides a large and stable CGO DPB, and the long-
term performance is not sensitive to degradation caused by Ni coarsening, degradation is not
expected to be accelerated significantly by current density and water vapour pressure. This
electrode microstructure holds promise in large-scale SOCs of all types because the
nanocomposite powder can be applied and processed as an electrode using standard methods

(such as screen printing) that are currently used in large scale SOC fabrication.
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tomography
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Figure 7 (a) 3D schematics illustrating the evolution of Ni morphology during thermal ageing (b) 3D
reconstructed microstructures of the electrode aged for 4000 min at 800 °C in humidified 5%H2-N.
Nickel is presented in red and CGO in yellow. In the images at the top, CGO was made translucent to

highlight the Ni network structure and vice versa for the images at the bottom.

Finally, we return to the interpretation of the process P1, which has some of the characteristics of
a gas phase transport process, but with a larger activation energy than would be expected. In the
light of the interpretation of P2+P3 as being due to the DPB reaction on the CGO (enhanced by
the TPB reaction at short ageing times) we propose that P1 is from the DPB reaction partly
constrained by gas diffusion. (Kishimoto et al. “showed by simulation of DC operation that gas
diffusion resistance in a 12.5 um thick Ni/CGO electrode at 700°C becomes significant at a
mean pore size of 0.1 um, for low current densities, and 1 um for high current densities). This
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results from the microstructure of the electrode which contains a mixture of dense and more
porous regions. In the more porous regions gas transport is not a problem and these regions
satisfy this requirement for application of the ALS theory. However, this is not the case in the
denser regions where the reaction pathway involves a combination of gas diffusion, surface
reaction and ionic diffusion. This leads to a lower effective activation energy, a higher ASR
contribution and a higher effective capacitance (related to the pore volume) which lowers the
characteristic frequency. When the hydrogen partial pressure is increased the gas phase
resistance decreases, but the gas phase capacitance increases. Since the time constant depends
on the product RC, this explains why the peak frequency does not change significantly (Figure
3a). Because of the microstructure of the electrode these pathways are not in series (as implied
by the equivalent circuit in Figure 3d), but in a complicated series/parallel network. This also
accounts for why the measured ASR of P2+P3 is larger than predicted by the ALS theory,

because not all the electrode contributes to P2+P3.
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Conclusion

The microstructure of the electrodes made from these hydrothermally synthesized

nanocomposite powders comprises relatively dense globular regions of Ni/CGO embedded in a
more porous Ni/CGO matrix. The denser regions originate from nano-composite agglomerates
in the NiO/CGO precursor powder. Impedance spectroscopy at 800 °C in humidified 5% H2-N>
revealed a stable total long-term ASR of approximately 0.20 Q cm? and in humidified 95% H,-

N2 0.11 Q cm?.

The ALS model was used to interpret the impedance response under the assumption that the
nano-composite Ni/CGO can be approximated as an equivalent homogeneous mixed ionic and
electronic conductor. After a short time of ageing the DPB reaction at pore-CGO interfaces was
found to be dominant over that at nickel TPBs and thus the main function of the nickel is to
enhance electronic conductivity. 3D reconstructed microstructures showed that the DPB density
remained high and constant because the CGO is resistant to coarsening, resulting in a stable
long-term electrode ASR. Ni particle size in the dense regions was stable at approximately 100

nm as the nanoscale CGO network also constrains coarsening.

The stability of the Ni-CGO cermet in this study demonstrates the potential to use nanoscale
cermets that are resistant to ageing. The relative importance of TPBs and DPBs found in this
study also provides guidance for microstructural optimisation of metal-MIEC composite nano-

structuring.

Further investigation is required to establish the performance and stability of the electrode under
typical in-service conditions such as high current density and high fuel utilization. The

interpretation of the process P1 in the current study indicates that there is some contribution to
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ASR from gas diffusion limitations. However, this is a local effect within the denser nano-
structured regions (formed from the nano-composite agglomerate particles in the powder) and is
thus on a micron scale. The porosity between the denser regions is also of micron scale as
opposed to the nanoscale within the denser regions. As a result, significant long-range gas

diffusion through the thickness of the electrode is not anticipated to be a problem.
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Composite Nanopowder Characterisations

Dilatometry and DSC/TGA were used to determine the thermal properties of the as-dried
composite powders. Sintering dilatometry was measured using an isostatically pressed green
cuboid pellet at a heating rate of 5 °C min™ to a maximum temperature of 1500 °C.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were carried out
in air at a heating rate of 10 °C min to a maximum temperature of 950 °C. The shrinkage rate in
Figure S1c shows the onset of shrinkage starts as early as 290 °C. The shrinkage at 290 °C
corresponds to the endothermic peak observed in DSC and loss in mass in Figure S1d. 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. As shown in Figure Sic, there is a
gradual shrinkage over a wide temperature range between 500 and 1000 °C and the final
shrinkage takes place at 1300 °C. Thus, the sintering of NiO-CGO happens continuously over
the temperature range between 200 to 1500 °C 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 S1d, the mass of the
composite powder decreases during heating and stabilizes at 600 °C. Therefore to completely
remove the residual water and nitrates, the as-dried NiO-CGO powder was first calcined at

600 °C before processing as a castable ink for producing the electrodes.

As the calcination could cause some degree of agglomeration, the calcined powder was ball
milled for 24 h to break up any large agglomerates before fabricating the casting ink. The
particle size distributions of the powders were measured by laser scattering in water suspension

using a Malvern Mastersizer 300 and calculated based on the approximation that the particles are



spherical. The particle size distribution of the final powder is shown in Figure S1a, showing that
the majority of the particles have diameter between 1 and 10 um. The volume-weighted mean

particle (agglomerate) diameter was 7 pm.

The nitrogen adsorption and desorption isotherms of the powders were obtained at 77 K using a
Micromeritics TriStar 11 instrument. 8.8 m? gt of the total specific surface area was calculated to
be from the internal surface of micropores (< 2nm) using the t-plot method from the BET
isotherm in Figure S1b. The BET specific surface area for the as-dried powder was measured to
be 159 m? g* and the calcined and milled powder, 111 m? g. Hence, the calcination treatment
has decreased the specific surface area by approximately 30%. Despite the surface area
reduction, the surface area of the final Ni-CGO composite powder is still very large as compared
to that of commercial powders, which are typically 10 m? g%, and other high-surface-area Ni-

CGO powders [1][2][3].
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Figure S1(a) The volume-weighted particle size (equivalent spherical volume diameter) distributions of

the final powder after calcination and ball milling. (b) The N2 adsorption and desorption isotherms for

the final powder. (c) The shrinkage and rate of shrinkage during constant-rate heating measured by

dilatometry of a pressed green pellet and (d) the mass change and heat flow measured by TGA and DSC

on the as-dried powder.

Electrochemical Resistance of Ni-CGO Electrode

The electrochemical performances of Ni-CGO electrodes reported in literature are summarized

in Table S1. The best-performing ones reported are 0.1 Q cm?. However, it should be noted that

the tests have been carried out at different temperatures and gas environment, which can



significantly change the electrode ASR. Additionally, most studies only investigated the initial

performance of the electrode and only a few looked further into the stability.

Table S1 Summary of Ni-CGO electrode area specific resistance (ASR)

Fabrication Route Temperature Gas composition ASR Cell Condition Particle Ref
[°C] [Q cm?] Size

powder mixing 750 Humidified 10% 0.3 as-reduced ~1 um (4]
H>-90% N,

sol-gel method 750 Humidified 10% 0.15 as-reduced 200 nm (4]
H>-90% N3

impregnation 800 humidified 5% H, 0.1 stable over ~100 nm [1]
in Ar 200 h

powder mixing 800 7.4% H; 1.5 as-reduced ~1 um [5]

spray pyrolysis 600 3% humidified 1:4 0.34 as-reduced 16 nm [6]

deposition H2:N»

spin coating 700 humidified (3% 0.1 as-reduced 20 nm [7]
H,0) hydrogen

impregnation 750 humidified 50% 0.14 as-reduced 10 nm [8]

H2-50% N,

s The Ni-CGO electrodes in this study are sintered onto a YSZ electrolyte. Above 1100 °C a

solid solution of CGO and YSZ can form at the interface, which has been reported to be

(YSZ)0.98(CGO)o.0. However, it has also been reported that there is no response from this

interface solid-solution layer in the EIS spectra in the frequency of 13 MHz to 5 Hz [9].

FIB-SEM Image Phase Contrast

The FIB-SEM images were taken at an accelerating voltage of 1.5 kV and back-scattered

electrons were used to obtain the optimal phase contrast between Ni, CGO and the resin-filled

pores. The milling current was 120 pA and the slice thickness was 20 nm. The 2D resolution of

the back-scattered electron images was also 20 nm. The FIB-SEM image stack was reconstructed



into a 3D electrode volume using Trainable Weka 3D segmentation [10] and Avizo. Information
from the 3D reconstructed volumes was extracted using the MATLAB plug-in TauFactor [11]
and the Avizo toolbox.

Figure S2 shows an example of an image obtained during the FIB-SEM slice-and-view mode,

where Ni, CGO and pore show distinctive phase contrast.

No of Pixels

0 50 100 150 200 250
Brightness

Figure S2 A typical 2D back-scattered SEM image and corresponding grey scale distribution are shown
for the FIB-SEM 3D reconstruction of the porous Ni-CGO electrode after ageing at 800 < for 60 min.
The CGO appears brightest, the Ni is mid-tone and the resin-filled pores the darkest. The grey-scale

distribution indicates three distinguishable peaks for the three phases

XRD and Rietveld Refinement

The weight percentage between Ni and CGO is calculated by Rietveld refinement as shown in

Figure S3, based on the intensity of Bragg’s peaks of the two phases. The Ni loading is 29.6 wt%.
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Figure S3 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’s reflection belongs to Ni (Cubic)
marked in the first row of peak positions and Ce0.9Gd0.101.95 (Cubic) in the second row. The measured
data are drawn with black dot, the calculated profiles in red lines and the difference between the two in

blue lines.

Electrodes reduced at 650 °C

Degradation of the electrode reduced at 650 °C and annealed at 800 °C is shown in Figure S4.

The polarisation resistances at both the low and high frequencies are much larger than the



symmetrical cell reduced at 800 °C in Figure 4. The reduction temperature of NiO in the cermet
influences the diameters of Ni particles and hence the microstructure of the composite [12]. 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 Rnign (corresponding to
peaks P2+P3 in the DRT response) experiences a rapid increase during the first 200 min of
annealing and reaches a plateau of 0.15 Q cm? afterwards till the end of 10500 min (one week)

annealing test.
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Figure S4 The variations of the polarisation resistances at high characteristic frequencies (P2+P3) 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% H2-No.



The Diffusion Coefficient and Surface Exchange Coefficient in Porous Ni-CGO Electrode

The oxygen tracer diffusion coefficient D* is the diffusion coefficient for the labelled isotope
atoms at chemical equilibrium. D* is measurable by isotope exchange and secondary ion mass
spectroscopy (SIMS). The intrinsic oxygen diffusion coefficient D, however, is not measurable

directly but is related to D* and a jump correction factor f, as described in Equation S1

D* = f,D (S1)

Since the diffusion in CGO is by a vacancy mechanism, the vacancy diffusion coefficient Dv is

defined in Equation S2.

(S2)

The stoichiometric formula unit for CGO is Ce1-xGdx)O-05x-5). For CGO10, x = 0.1. The

0.05+ 48

concentration of oxygen vacancy C, is therefore C,, = , Where ¢ is the non-stoichiometry

M
for CGO10, which is the extra vacancies that come from reduction and Vw is the molar volume.
2

Co is the concentration of oxygen sites and in CGO10, it is "
M

The non-stoichimetry ¢ is influenced by the dopant type, the temperature T and the oxygen

partial pressure poz as described in Equation S3 [13].

9100 —220,000/mol~1

6 = V[Gdrce] exp ( RT )p024 (SS)

For 5% H2 and 3% H0 at 800 °C, poz= 1.5 x 10%* atm and ¢ is calculated to be 1.6 x 1073,

For exchange of oxygen between solid and gas the tracer surface exchange coefficient k*, also

measurable by SIMS, is a diffusion coefficient for the flux of tracer atoms crossing the interface

9



at chemical equilibrium. This flux is driven by the difference in the isotope fraction in the gas
and the solid surface of the material. Assuming the tracer correlation effects are negligible, k* is
equivalent to the intrinsic surface exchange coefficient ko. The exchange rate ro, which is the flux

density of the atoms leaving and entering the surface of the material, is described in Equation S4.
1, = k*C, (S4)

In a fuel electrode the exchange rate becomes the same as the rate constant for the electrode
reaction, which is equal for both forward and backward reactions at equilibrium. In the case of
Ni-CGO composite, the surface reaction can take place at both the TPBs and the DPBs. The flux
density at the DPBs is accounted for by k* of the CGO10. The other parallel flux density at TPBs

can be calculated from the exchange current density at TPBs.

The exchange flux density from the TPB reaction can be converted to an equivalent surface

exchange coefficient krpg as explained in Equation S5.

0
_ lirpglTPB _
TorpB = = 7 = krppCoa  (S5)

ro.7re is the number of ions (oxygen ions O? in this case) crossing the TPBs per unit volume of
the porous composite electrode per unit time. The exchange current density i%reg is the current
per unit length of TPBs and the active TPB density Ltps is the length of percolating TPBs per
unit volume of the electrode. krps is the equivalent surface exchange coefficient for the TPBs and
krreCo gives the equivalent flux density (ions per unit are per unit time). Hence, multiplying this
equivalent flux density with a, the DPB density, converts it from “per unit area” to “per unit
volume”. As the surface reactions at the TPBs and DPBs are in parallel, summing k* and krps

gives an effective surface exchange coefficient.

10



From the work of Lane and Kilner [14], D* for oxygen in CGO10 at 800 °C at high oxygen
pressure is 1.3 x10"1 m? s, The corresponding activation energy was measured to be 0.9 eV
[15] leading to D* at 700 °C being estimated to be 4.8 x10? m? s, Unfortunately there are no
published studies of tracer diffusion and exchange under reducing conditions. Katsuki et al. [16]
studied chemical diffusion in CGO20 at low oxygen partial pressures and showed how oxygen
mobility (proportional to D*) was related to the additional vacancies caused by reduction. For
the formula CeosGdo.2O(1.9-) they found that when &increased from 0.01 to 0.1 (i.e.
approximately doubling the total vacancy concentration), the oxygen mobility increased by less
than 50 % and for larger values of &the mobility began to decrease. Therefore in order to
estimate D* in the reducing conditions of the present experiments we have assumed an increase
proportional to 50% of the vacancies caused by reduction and the resulting values are shown in

Table 2.

Published data are available in the literature for the tracer exchange constant k* between oxygen
gas molecules and CGO10. However, for a reaction in a reducing atmosphere containing
hydrogen and water vapour, the exchange of oxygen is between H2O molecules in the gas phase
and oxygen ions in the solid phase also involves H. molecules. No isotope exchange data are
available for CGO10 under these conditions. Katsuki et al. [39] extracted surface reaction rate
constants from their study of chemical diffusion in CGO20. They found that the rate constant at
900 °C increased from approximately 10 to 2.5 x 107 m s as Sincreased from 0.01 to 0.1.
However, although the exchange was from H2/H20 mixtures, the actual gas compositions were
not reported. Conversely, in a similar study on samarium-doped-ceria (SDC15) using typically

10% H2/ 2.3% H>0 mixtures, Gopal and Haile [40], found the surface rate constant to be

11



approximately 2 x 107" m s™ at 800 °C and independent of po2 in the range 10" to 10?2 atm. In

view of these discrepancies, we have used the result of Gopal and Haile at 800 °C, and estimated

a value at 700 °C based on the difference between their measurements at 800 and 750 °C. The k*

used in the ALS model is also recorded in Table 2 of the main text.
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