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Abstract

Uniform, highly porous, columnar thin films incorporating YSZ and NiO prepared by magnetron
sputtering with deposition at glancing incidence exhibited stoichiometries close to that of the Y-
Zr-Ni sputter target. Characterization by means of SEM, XRD, XPS and RBS revealed that the
uniformly distributed nickel component in the as-deposited films consisted of NiO, and that the
YSZ component was essentially amorphous. Annealing such films at 850° C in hydrogen resulted
in crystallization of the YSZ phase with preservation of the columnar morphology, while the NiO
underwent reduction to metallic Ni, which partially segregated to the film surface. The hydrogen-
annealed thin film anodes exhibited high conductivity, comparable to that of conventionally-
prepared anodes, in both hydrogen and hydrogen/water mixtures at temperatures relevant to
SOFC operation. They were also robust against strain-induced separation from the substrate
under limited thermal cycling in both oxidizing and reducing atmospheres and are promising
candidates for use as anodes in their own right and as strain-accommodating buffer layers

between conventional anodes and the electrolyte for use in SOFC applications.
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1 Introduction
The merits of solid oxide fuel cells for application in distributed power or combined heat and
power generation are well known: for an authoritative review see [1]. However, due to the high

operating temperatures required, a number of materials-related problems remain to be overcome


mailto:rml1@cam.ac.uk
http://ees.elsevier.com/he/viewRCResults.aspx?pdf=1&docID=31391&rev=1&fileID=1212775&msid={C4B38B48-79A1-47BD-87AD-C23C2B642BD0}

in order to achieve satisfactory long-term performance [2]. In the case of the anode, which has to
be porous and must provide adequate electronic conductivity, a key issue concerns device failure
associated with the thermal expansion/contraction mismatch that is necessarily present at the
electrolyte/anode interface [3-4]. Typical anodes consist of Ni-YSZ cermets of about 100 pum

thicknesses with a metal content of at least 30 vol% [5].

Both DC and RF magnetron sputtering employing a variety of configurations have previously
been used for Ni-YSZ anode fabrication with a view to investigating optimum deposition
conditions (although high temperature performance was not reported) [6-7], improving resistance
[8] or optimising microstructure and efficiency by application of asymmetric bipolar pulsed
magnetrons [9]. In the latter comprehensive study the microstructure obtained was similar to that
reported here, although we have used a simpler technique in conjunction with oblique angle
deposition to produce highly porous anodes characterized by good three phase boundaries and
excellent resistance to delamination at the anode/electrolyte interface under thermal cycling in

oxidizing and reducing atmospheres.

The intrinsic problem due to thermal mismatch is exacerbated by the fact that the higher the Ni
content the greater the thermal expansion of the anode cermet. Here we describe the preparation,
detailed characterization and electrical testing of very thin film anode cermets of well controlled
structure prepared by DC magnetron sputtering at oblique angles [10, 11]. The aim was to
achieve good adhesion with the substrate, thus minimising thermal stress-induced fracture and
separation problems associated with conventionally applied thick anode cermets. It was found
that our materials, which are a few microns thick, exhibit superior electrical characteristics
compared to conventional Ni-YSZ anodes. Moreover, they are robust against thermal cycling and
so offer considerable promise for use as buffer layers between conventional anodes and the
electrolyte in order to mitigate the common problem of loss of adhesion at the electrolyte/anode
interface that occurs under operating conditions, while at the same time providing good electrical
conduction. They also signpost the development of graded Ni-YSZ anodes where the film
composition varies between that of pure YSZ electrolyte and that of an overlying conventional
(~30% Ni-YSZ) anode cermet in order to provide optimum materials accommodation and hence

enhanced long-term thermal stability at the electrolyte/anode interface.

2 Materials and Methods
Thin film preparation.
Ni-YSZ porous thin films were prepared by reactive pulsed DC magnetron sputtering (200 W, 80



kHz, base pressure 3 x 10 ° mbar). The pressure during deposition was maintained at 5 x 10~
mbar in a process gas that consisted of 40 sccm Ar and 2.5 sccm O,. Pellets of pressed YSZ
powder (from fuelcellmaterials.com) were used as the substrates for conductivity measurements,
whereas a silicon substrate was used for RBS, XRD and XPS studies to ensure that Y and Zr
signals were exclusively due to the thin film anode. A 50 mm diameter NiZrY target was used
under oblique angle deposition conditions with a target-substrate distance of ~5 cm and an angle
of 80° between the target and substrate normals, which gave a deposition rate of 1.5 pm h™'. The
target consisted of a Ni/Zr/Y alloy (68.8/26.6/4.6 wt.%) of 99.9% purity, chosen to achieve YSZ
films containing 8 mol % Y,0Os and 50 vol % Ni. A more detailed description of the deposition
procedure may be found in references [12-14] and a schematic of the experimental set-up is
shown in the supporting information (Figure S1). The use of an oblique angle deposition
configuration resulted in the formation of highly porous anode thin films, crucial for achieving
superior structural and electrical properties. The technique was very reproducible, as is well

known [9], all sample preparations and analyses having been repeated at least twice.

Ex situ thin film characterization.

The microstructure of films deposited on doped silicon (100) wafers was examined by scanning
electron microscopy (SEM) using a Hitachi S4800 field emission microscope. These samples
allowed straightforward dicing for cross-sectional analysis. Rutherford back scattering
spectrometry (RBS) spectra were obtained in a tandem accelerator (Centro Nacional de
Aceleradores, Universidad de Sevilla, Spain) with o particle energy 1.557 MeV, beam current
and diameter 1.7 nA and ~1 mm, respectively. The accumulated dose was 1.5 pC in all cases and
spectra were analysed by means of the SIMRAG6.0 program. X-ray diffraction (XRD) patterns
were obtained using Cu Ko radiation with a Panalytical X’Pert Pro diffractometer incorporating a
diffracted beam graphite monochromator and 1D silicon strip detector (X’Celerator). They were
recorded from 20 10° to 90° with step size 0.026° at 148 s per step. Analyses were performed
using XPert HighScore Plus software. XPS spectra were recorded with a ESCALAB 210
instrument working with a constant pass energy of 20 eV. In accord with common practice, the
binding energy (BE) scale is referenced to the C 1s peak (284.5 eV) arising from adventitious
carbon. In-plane conductivity measurements were performed using the Van der Pauw method
[14] under either dry or wet (3% H,0O) hydrogen atmosphere in the temperature range 800 to
900°C. Further details are provided in the supporting information (Figure S2 and Table S1).

3 Results and Discussion



Figure 1 shows a representative RBS spectrum along with the corresponding simulated spectrum.
The spectrum exhibits three peaks corresponding, from right to the left, to Y+Zr, Ni and O.
Because the atomic numbers of Y and Zr elements are close, their RBS peaks overlap.
Accordingly, the results are presented in terms of the sum of these two elements. Simulation of
the spectrum yields the concentrations of the uniformly distributed elements within the film
(Table 1). The resulting Ni:Y+Zr ratio was close to that reported for optimized sintered anodes
prepared by conventional methods. Moreover, the Y:Zr ratio measured by EDX (supporting
information, Table S2) was also close to that reported for optimized, sintered, conventionally
prepared anodes [1-2]. The oxygen content of the films obtained by RBS was measurably higher
than would be expected for a pure Ni component, indicating that the nickel within the as-prepared

films was partially or fully oxidised.

5000

. 4000 -

u

£ 3000+

d

2000

Y+Zr

Counts

10001 —— Experimental RBS
—— Simulated SIMRA

500 750 1000 1250 1500 1750
Energy (keV)

Figure 1. RBS experimental and SIMRA (http://home.rzg.mpg.de/~mam/) simulated spectra of Ni-YSZ thin film.
Si substrate.

Table 1.- Concentrations of elements in the thin film.
Thickness Ni Y+Zr O
(10%°at/cm?) (Yoat) | (%at.) (Yat.)

YSZ:Ni 195001000 34.0£3.0 | 6.5+0.8 59.5+5.0
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This latter conclusion is in line with XPS and XRD measurements on the as-deposited sample,

described in detail below.

Figure 2 shows typical SEM images of the surface and cross-section of Ni-YSZ thin films as-
deposited (a,c), and after heating in hydrogen (850 °C, 3 h) to achieve complete reduction of the
Ni component (b,d). The as-deposited film surface exhibited a granular morphology with small
grains of about 10 -50 nm. The clearly visible larger scale cracks are presumably due to strain
relief. The cross-section (c) of the as-deposited thin film showed a well developed columnar
microstructure ~ 2.5 pum thick with a porosity of ~ 33% [10-14]. The tilted orientation of the
nanocolumns is due to enhancement of shadowing effects resulting from oblique incidence

geometry employed [16].

After heating in hydrogen (Figure 2 (b,d)) nickel segregation occurred yielding a bimodal
distribution of large (1.5 — 6 pm) and small (200 - 400 nm) polycrystalline Ni particles located
atop the film surface and also within the film itself, with preservation of the columnar structure,
the associated high porosity, and now a favorable three phase boundary, conducive to good anode
performance. The Ni particles themselves were comprised of ~ 69 nm crystallites (Scherrer

formula; (111) diffraction peak; Fig 3) consistent with observations reported elsewhere [6,9].
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Figure 2.- Top view (a) and cross section (c) of the as-deposited thin film and after hydrogen-annealing (b,d).

Silicon substrate.

Figure 3 shows XRD data for an as-deposited thin film and for the same film after heating in
hydrogen at 1°C/min to 850°C with gradual increase of hydrogen concentration from 24% to
100%. The purpose of this treatment was to create the necessary percolation path between Ni
particles and thus facilitate electron conductivity. The effectiveness of the treatment is confirmed
by SEM images shown in Figure 2, where the evolution of the electrically conductive path is
evident. The as-deposited film shows no evidence for the presence of crystalline YSZ and it is
clear that the Ni was present as an oxide. However, after heat treatment in hydrogen, the reduced
samples exhibited well defined peaks attributable to metallic Ni and to YSZ, in good accord with
the segregation of metallic nickel observed in the SEM images (Figure 2 b,d). Rietveld analysis
confirmed that YSZ was present as the cubic phase (PDF 30-1468) a=b=c=5.1342 A and
o=p=y=90°.

These findings are also consistent with Ni 2p photoemission spectra (supporting information,
Figure S3) from the as-deposited and hydrogen-annealed films. Because the XP spectra were
recorded ex situ, necessitating exposure to air, the hydrogen-annealed spectrum is a convolution
of contributions from Ni® and Ni**. The Ni 2p spectrum obtained after hydrogen-annealing was
substantially more intense (about 3 times) than that from the as-deposited sample, again pointing

to surface segregation of the agglomerated Ni component in the former case.
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Figure 3.- XRD diagrams of Ni-YSZ thin films as-deposited and after hydrogen-annealing (red and blue labels refer
to YSZ and Ni respectively). Silicon substrate.

In order to verify good percolation and consequently good current collection, the anode in-plane
conductivity was evaluated. Four point Van der Pauw measurements were carried out at 800 °C
and 900 °C in both dry and humidified hydrogen (Table 2). Further details are given in the
supporting information. The total conductivity of Ni-YSZ cermets depends strongly on Ni
content. More specifically, it is found that the conductivity of the cermet as a function of nickel
content exhibits an S-shaped curve, as predicted by percolation theory [5,17,18]. The percolation
threshold for the conductivity of the cermet occurs at about 30 vol % nickel, depending on
preparation method and film porosity [5,19,20]. The concentration of Ni in our thin film as
measured by RBS (Table 1), is 34.0+£3.0 at.%. Given that the subsequent heat treatment under
reducing conditions caused segregation of metallic nickel to the film surface (Figure 2), the
eventual concentration of Ni in the cermet is expected to be close to the lower limit of its
conductivity threshold. Thus the behaviour of our sputtered Ni-YSZ thin film anodes is entirely
comparable with that of conventionally (screen printed) cermets, where for example a
conductivity of 3 S-cm™ was reported for a ~30% at. Ni-YSZ anode [5] at a higher temperature

(1000 °C), and by us for a commercially supplied anodes operated in the same equipment under



the same conditions (dry and humidified H2 and at 800 and 900 C) (see supporting information,
Table S2).

Finally, we examined the resistance of our anodes to delamination resulting from strain-induced
thermal cycling—an important characteristic with regard to practical applications. Three different
protocols were used for anode thin films deposited on YSZ substrates, as follows: (i) heating to
850 °C in Ar/H;, (3h), then cooled (ii) procedure (i) followed by heating to 1250 °C in air (2h),
then cooled (iii) procedure (i) then procedure (ii) followed by heating to 850 °C in Ar/H; (3h).
The results are illustrated in Figure 4 (a)-(c) from which it apparent that full integrity of the
structure was retained with no changes in morphology nor any discernible separation of the anode
from the underlying electrolyte. In passing we note that others have previously used magnetron
sputtering to deposit YSZ electrolyte films on commercial Ni-YSZ anodes—in effect the inverse
of what we report here [21-22]. It was found that the thin film electrolyte/commercial anode
interfaces maintained their structures under operating condition; note however that our systems
are more complex and in principle more demanding in that they involve the deposition and

subsequent processing of a ternary Y-Zr-Ni system.
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Figure 4 Thin film cross sections after procedures i (a), ii (b) and iii (c) respectively. YSZ substrate.

Thus in terms of both electrical characteristics and robustness our sputtered thin films are
promising candidates for use not only as strain-relieving buffer layers between conventional
anodes and the YSZ electrolyte but also for the fabrication of graded Ni-YSZ composite anodes,
with a controlled Ni content and film porosity. Their good electronic conductivity may be
attributed to the presence of a large three-phase boundary (TPB) due to the high porosity and
exceptionally good interconnectivity of the YSZ and Ni phases. Recall that the TPB is of crucial
importance to the performance of SOFCs—a large TPB yields high electrochemical performance
[23].

Table 2.- Surface conductivity of thin film anodes

Conductivity (S/cm)
800°C, dry H; 2.40
800°C, 3% H,0O/H, 2.45
900°C, dry H, 2.86
900°C, 3% H,0/H, 2.96

3 Conclusions
Uniform, highly porous, columnar thin films incorporating YSZ and NiO may be prepared by
magnetron sputtering deposition at oblique incidence angle. The nickel content within the as-

deposited films is uniformly distributed and the YSZ component is essentially amorphous.

Annealing the as-deposited films at 850° C in hydrogen resulted in crystallization of the YSZ
phase with preservation of the columnar morphology. At the same time the NiO underwent

reduction to metallic Ni, which then segregated to the film surface as 0.7—2.0 um particles.

The hydrogen-annealed thin film anodes exhibited good conductivity in both hydrogen and
hydrogen/water mixtures at temperatures relevant to SOFC operation. Moreover, under limited
thermal cycling in both oxidizing and reducing atmospheres, they were robust against
morphological changes and delamination from an underlying YSZ substrate. Accordingly,
because their thinness renders them robust against strain-induced separation from the substrate,

they are also promising candidates for use as highly conducting, stabilising buffer layers for
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accommodating strain between conventional anodes and the YSZ electrolyte, and for fabrication

of graded-composition Ni-YSZ anodes for use in SOFC applications.
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Figure Captions.

Figure 1. RBS experimental and simulated spectra of Ni-YSZ thin film. Silicon substrate.

Figure 2.- Top view (a) and cross-section (c) of the as-deposited thin film and after hydrogen-
annealing (b,d). Silicon substrate.

Figure 3.- XRD diagrams of Ni-YSZ thin films as-deposited and after hydrogen-annealing (red
and blue peaks are due to YSZ and Ni respectively). Silicon substrate.

Figure 4: Cross-section of thin films after procedures i (a), ii (b) and iii (c) respectively. YSZ

substrate.

Table Captions.

Table 1.- Concentrations of elements in the thin film.
Table 2.- Surface conductivity of thin film anodes

12



Tables 1 and 2

Porous, robust highly conducting Ni-YSZ thin film anodes prepared by magnetron

sputtering at oblique angles for application as anodes and buffer layers in solid oxide fuel
cells

Table 1.- Concentrations of elements in the thin film.
Thickness Ni Y+Zr O
(10%at/cm?) (Yat.) | (%at.) (%at.)

YSZ:Ni 19500+1000 34.0+3.0 | 6.5+0.8 59.5+5.0

Table 2.- Surface conductivity of thin film anodes

Conductivity (S/cm)
800°C, dry H, 2.40
800°C, 3% H,0/H, 2.45
900°C, dry H, 2.86
900°C, 3% H,0/H, 2.96




