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The electrochemical performance of the-ddintaining cermet
anodeswidely used for all types of SOFUs,essentially governed

by the triple phase boundary (TPBdrmed by metal solid
electrolyte and gaseous phase. Althouge TPB length and
electrode surface area may be drastically increased using
nanosructurad components, information on the resultant effects in
terms of the cermgdroperties and SOFC production technology is
still scarce. The present work is centeredtfmmappraisal ofNiO
morphologiesand optimization of préreatment conditionfor the
powders used for anode scrgmmting, with commercial
nanocrystalline nicke(ll) oxide as a model starting materia.
series of NiO powders were prepared via anngaht various
temperatures (300 — 11%@) followed by chemical, structural and
morphological characterization. The results ofay diffraction
(XRD), scanning and transmission electron microscopy (SEM/
TEM), thermogravimetry and Raman spectroscopy reveat-
shell structure of nanosized NiO grains, formed due to surface
hydration and oxidation under ambient conditions. Thermally
induced desorption, and likely oxidation of organic components of
the screefprinting pastes by the hyperstoichiomeinixygen,lead

to poor quality of the electrode layers, thus making it necessary to
introduce an additional powder paenealing stepThe optimum
pretreatment temperaturenabling to remove the absorbates,
simultaneously preserving submicron grain size in thetreldes,
corresponds to approximately 7Q0

Introduction

The SOFC technologys one of the most promising for future energgiustry (1-3). The
efficiency of single SOFGs strongly dependent otihe electrodeperformanceDespite

the weltknown problers such as carbon depositi¢#-6) and Ni coarsenind7-10)

during longterm operationthe anode cermets of metallic Ni and stabilized zirconia are
among the most common SOFC materials. The electrochemical performatice o
composite SOFC electrodés essentially governed by the triple phase boundary (TPB)
formed by electronic conductor, solid electrolyte and gaseous phase (7,1rE2).
important approach to optimize the anode morphology relates to decreasing particle size
of the initial powders (13,14)0n the other hand, a drastic reduction of the component
particle size may lead to dramatic changes in the material propartteslectrode
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behavior The tendencies to agglomeration, a presence of modified surface layers and fast
rates of microstructuralterations under SOFC operating conditions are all expected to
considerably affect the electrode preparation procedure and anode behavior.

The present work wasentered on the analysis of key relationships between the
morphology of initial NiO powders used to form Blntaining cermets and overall
guality of the composite SOFC anodes.

Experimental

The commercial ickel (II) oxide nanopowder (99.8% purity, SigrAddrich) was
employed as a model starting material for these dsdies. In the course of
optimization of the préreatment conditions, a series of NiO saraplere annealed in air
at 300, 500, 700, 900, 1000 and 1%Ddor 1 h.To form the functional anode layer
composites, NiO powders wemixed with submicron 10Sc1CeSZ {10l.% scandia
and 1 moko ceria stabilized zirconia, DKKK, Japan) powd&he NiO / 10Sc1CeSZ
mass ratio in the functional electrode layers, sandwiched between solid electrolyte
membrane and currentllecting layers, wag0/60. In order to prepare pastes for screen
printing, the powders were mixed with acommercial V006A thinner (Heraeus,
Germany).An Ekra Mat S45 instrumer{Germany) was employed for deposition of the
electrode pastes.

The crystal structure gfowdered samplesas analysed by -Xay diffraction (XRD)
using a Siemens D-500-Braun instrument CuK, radiatior). The particle size,
composition and morphological features were assessed by scanning and transmission
electron microscopy (SEM/TEM), combined with enedigpersive spectroscopic
analysis (EDX). The SEM/EDX studies were performed using a Supra BdfBscope
(Carl Zeiss, Germany) equippedith an INCA Energy+ microanalysis systenf
JeolJEM 100CX Il instrument(Japan) was employed for TEM analysis of the starting
NiO powder. Highresolution TEM studies were carried out using a JEM 2100
microscopgJapan).The overall quality of the deposited layers veaamined by optical
microscopy using Olympus BX51 (Japan) equipped wit®.HMP ToupCam CCD
camera.For thermogravimetri@nalysis(TGA), a NetzschSTA 409C Luxx instrument
(Germany)wasused.This analyser equipped with quadrupole masspectrometer QMS
403C Aeolosprovides simultaneous measurements of the TGA and differential scanning
calorimetry (DSC) signals coupled with the evolved gas analysis. Thetsyoperature
Raman spectra were collected using a homaele setup based on a LOMMIDR-12
diffraction grating monochromato(Russia) and 512x512 CCD cameraPr{nceton
Instruments, USA).

Results and Discussion

XRD analysis showed that the siagt NiO nanopowder is singighasewith pseudo
cubic lattice parameter of 4.178(2 (Fig.1). As expected, at atmospheric oxygen
pressure this phase remains stable in the entire temperature range studied in this work.
The average crystallite size in tharsing powder, calculated by the Scherrer equation, is
13 nm This estimation was confirmed by statistical analysis of the TEM images (Fig.2),
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which showed the maximum fraction of the particles has a size in the randebafrb-
Over99.5% particleare smallethan 50 nm.
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Figure 1. XRD patternef starting NiO and the powder annealed at 2€¢dor 1 h.
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Figure 2. Rrticle size distribution in thstarting NiOnanopowdercalculated from TEM
results.

In theory, the use of such nanostructured powders for the anode preparation might be
advantageous. However, after screpeimting and drying of the layers containing the
starting NiO nanopowder, a strong tendency to cracking was observed; one example is
presented in Fig.3. The defects formed during drying could not be eliminated by any
subsequent sintering step. Due to very poor cohesion and large cracks, this kindsof layer
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cannot be used in practid®n the other hand, no similar behavior is observed for other
NiO powders with micron and submicron pelg size, used as a component of the
screerprinting pastes; the scre@ninting technology and NiO-containing pastes are
worldwide used for the SOFC anode fabrication. The observed anomaly was, therefore,
ascribed to specific morphological features @& MO nanpowder. These features were
assessed by higtesolution (HR) TEM in combination with TGA.

Figure 3. Photograpbf the screeiprinted functional anodeayer after drying in air at
13C¢°C.

Figure 4. HRTEM image of the starting NiO nanopowder.

HRTEM revealed a corshell structure of NiO nanopatrticles (Fig.#he anorphous
shell up to 5 nm inthicknesswas assumed formed due to absorption of gaseous species
under ambient conditionsindeed, EDX shows a substantially high oxygen
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hyperstoichometry of the nanopowder (Fig.5). The amount of extra oxygen decreases on
annealing in air and becomes insignificant after Hesitmend at temperatureabove

500°C.
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Figure 5. Oxygen content (x) NiO1.x powders annealed at different temperatumesr,
as estimated by EDX

In order to avoid uncertainties associated with EDX analysis of light elements, these
observations were quantified by TGA. Tharting NiO powder was studied in flowing
air, argon and 4% H 96% Ar mixture(4 vol. % of hydrogen)the nassspectrometry
signal was measured during heating in argon. Hsellts are presentdd Fg.6. The
weight variationsn air and argon atmospheres are equal withirithiés of instrumental
accuracy. This indicatdbatno organicadsorbatesyhich would burn in air, are present.
There are two temperature ranges when extensive weight losses are oddevealss-
spectrometric data show that thestf step in the thermogravimetric curves (60-Z0)0
with 3.6% weight loss, corresponds to dehgtion The alculated content of the
desorbed water is 0.16+0.03 molecules per NiO formula unit. The second drop (300-
600°C) is associated with the extra oxygen lessTle latteris clearly evidencedby the
m/e=32 pealdetected by the maspectrometerThe total amount of desorbed oxygen
corresponds t00.18+0.04 atoms per formula unitn the case of KHcontaining
atmosphere, the hyperstoichiometric oxygen desorption is combinedtatéahNiO
reduction into metallic nickel, used as reference for thé ¢atggen content calculations
from the TGA data.
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Figure 6. TGA curvef the starting NiO powder in variolmospheregtop) and
strongest mass-spectrometric signals on heating in flowing argon (bottom).
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Figure 7. Raman spectra of NiO powders annealed at different temperatures.
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The collected Raman spectra of the powdersapreealed at various temperatures
(Fig.7) are in excellent agreement with the HRTEM, EDX and TGA. dfatiaannealing
at 300-506C, the characteristic peaks of NiO ammost nvisible confirming the
presence of amorphous surface layers formed due to water and oxygen interdadation.
example, no strongest peak at ~1100'@ssociatedvith two-phonon scattering can be
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identified in these spectrah@ firstRaman spectrum wittvell-resolved NiOpeaks was
collected for the powder annealed at T@Ovhen the absorbates are removed (Fig)5
Notice that thermal prreatment a70’C makes it possible to preserve submicron size

of the particles (Fig.8); the extensive grain growth starts on heating abol@. 0@
former temperature was hence selected for the treatment of NiO powder introduced into

the screetprinting paste for anode fabrication.
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Figure 8. SEM images of the Nigbwders preannealedat 3®, 500, 700, 900, 1000 and
1100C in air.
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Figure 9. SEM micrographef the modelcell crosssection (A) andfunctional anode
layer| electrolyte interfacéB). The abbreviations CC, CF, AC and AF correspond to the
cathode currentollecting, cathode functional, anode -current-collecting and anode

functional layers, respectively.
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The experimental procedures and conditions, used for the model SOFC fabrication,
were analogoudo those repoed elsewhere (16). Ehcell architecture eoprising two-
layer electrodes applied on&ach side of the solid electrolyte membrane of stabilized
zirconia, isillustrated by the crossection shown in Fig.9(A). The SEM micrograph in
Fig.9(B) displays typicamicrostructure of the anode function layer, prepared from the
NiO powder preannealed at 76CQ. This layer is placed between the solid electrolyte and
currentcollecting layer made of a similar cermet with the starting N0IGt1CeSZ ratio
of 60/40 in ordeto provide high electronic conductivityhe functional layer has a good
adhesion to the other componenfsthe planar cell and wetleveloped microstructure
with an averageparticle size smallethan 1 um. The electrochemical behavior of the
model SOFCs with such electrodes will be reported in forthcoming publications.

Conclusions

Due to strong tendencies to absorption of extra oxygen and water vequse of
nanocrystallineNiO for composite anodescreerprinting is associated with severe
limitations Drying of the screemprinted layers leads to cracking and poor cohesion
originating from extensive desorption processedeating. Mst likely, these processs
are accompanied with oxidation of organic components of the sg@eeting paste by
the hyperstoichiometric oxygen evolved frowiO1.x. HRTEM, EDX, TGA and Raman
spectroscopy studies revealed substantially large amounts of the extra oxygen, up to 20-
30 at.%, which is incorporated into amorphous surface layers of the nanosized NiO
particles This behaviormakes it necessary to introduce an additional hea#tment step
prior to the paste preparatiohnnealingat temperatures above 500-800vas shown to
be enough for full elimination of the absorbafeaking into account that extensive igra
growth starts on heating above 800 the pretreament temperature of00’C was
selected as optimum.
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