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bstract

This paper discusses the production in one single synthesis step of a binary mixture of YSZ particles and NiO particles as precursor powder for
he manufacture of SOFC anodes. Three parameters were varied, each over two levels: (i) the temperature of the calcination step involved in the
roduction process, (ii) the proportions of the two organic precursors: sucrose and pectin and (iii) the proportions of YSZ and NiO. The particles,
nd the calcination process involved in their production, are analyzed by TGA, TEM, SEM, XRD and BET adsorption. It is shown that the relative
article sizes are near-optimal for the production of SOFC anodes and that the particles consist either of pure cubic YSZ or pure cubic NiO. The
article sizes indicated by the various analysis methods are consistent. The particle size and the degree of crystallinity of the particles increase with

ncreasing calcination temperature, while it appears that the process is rather forgiving for changes in the sucrose:pectin ratio. SEM studies show
hat the powder produced already has good connectivity between the YSZ and the NiO particles, respectively, which is good for the functionality
f the resulting anode.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The conversion of chemical energy directly to electrical
nergy in fuel cells, rather than having to take the detour around
hermal and mechanical energy involved in conventional power
eneration process, is a fundamentally different principle for
lectrical power generation making much higher efficiencies
ossible. It is, therefore, in spite of some technical and economic
bstacles, likely to become a cornerstone in the future electrical
ower generation industry, particularly as we move from coal-
nd oil-based fuels toward natural gas, and, eventually as these
esources deplete, to hydrogen as an energy carrier.

Several types of fuel cell exist, each with their advantages
nd disadvantages [1]. This paper concentrates on solid oxide
uel cells (SOFC), which have the distinction of being the type
f fuel cell operating at the highest temperature (approximate
ange 700–1000 ◦ C at present). Advantages of SOFCs include

igh cell efficiencies, cost-effective catalysts and fuel flexibil-
ty. SOFCs are able to process natural gas directly without the
eed for external prereforming to produce hydrogen. Among
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heir disadvantages are the long start-up and shut-down times
ictated by the high operating temperature, making them less
uitable for some applications, such as primary power units for
ransportation.

Some urgent research priorities for SOFCs are

1) Decreasing the cell internal resistance (or “polarization
losses”) to enable higher current densities through the cells,
decreasing the volume/weight of an SOFC installation for a
given throughput.

2) Increasing the robustness toward disturbances either in the
temperature or the chemical environment.

3) Reducing manufacturing costs.

In this paper we are concerned with the cost-effective produc-
ion of precursor powders for the production of high-efficiency
OFC anodes, thus addressing research priorities 1 and 3.

Traditionally anode materials are binary mixtures of particles
onsisting of nickel (Ni) and particles consisting of yttria-doped
irconia (YSZ). Other materials are being developed, see the

ecent review by Fergus [2]), but Ni/YSZ is still the preferred
aterial.
The performance of the anode, in terms of minimal electrode

olarization loss and minimal degradation during operation,

mailto:crina.suciu@ift.uib.no
dx.doi.org/10.1016/j.cej.2008.02.006
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Table 1
Composition of the samples (wt%)

Ni:YSZ Sucrose:pectin Water (ml) Sample designation

50:50 100:1 300 A1
100:4 300 A4
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and 1000 C. The heating/cooling rate during the calcination
was 100 ◦ C per hour, and the temperature was kept constant at
two plateaus at 500 ◦ C for 1 h and at the maximum calcination
temperature for 1 h.
C. Suciu et al. / Chemical Engin

epends strongly on its microstructure, and therefore on the
recursor powders [3,4]. It is important that both an ionically
onducting network is formed by the YSZ particles and an elec-
ronically conducting one is formed by the Ni particles, and that
he contact line between the two networks and the gas-phase,
hich is the “triple-phase-boundary” where the electrochemi-

al reaction can take place, is large. Furthermore, the relative
ize of the particles is important, the YSZ particles need to
e much smaller than the Ni particles to minimize degradation
ue to Ni-particle sintering and coarsening during operation [3].
ilkenhoener et al. [5] discuss the beneficial effects of adding
SZ nanoparticles to the precursor powder mixture to avoid

uch degradation and coarsening.
The standard way of producing the anode precursor pow-

er mixture is to produce the two types of powders separately
nd mix them in a mill. However, it would be advantageous to
roduce the powder mixture in one processing step. A num-
er of methods for doing this have been published, they are
eviewed by Jiang and Chan [3]. Most relevant to the study
n this present paper is the work of Razpotnik and Macek [6]
here a modified Pechini-type sol–gel method was used to pro-
uce Ni/YSZ powders for the production of SOFC anodes. They
ixed solutions of chlorides of the metal constituents with either

thylene glycol, ascorbic acid or citric acid to form a polymeric
recursor, and subsequently calcined this reaction mixture to
roduce nanoparticles. These particles were strongly agglomer-
ted. The agglomerate size was in the micron-range, while the
rimary particle size was 200–470 nm. Using ascorbic acid to
orm the polymeric precursor resulted in powders with a higher
pecific surface area – up to 20 m2 g−1 – than when using citric
cid.

Some of the present authors (CS and ACH) have recently
resented a new sol–gel route for the production of zirconium
anoparticles, using the ubiquitous, environmentally friendly
nd cost-effective organic precursors sucrose and pectin [7].
ucrose and pectin have been proven to be better organic precur-
ors than the traditional ones, e.g. ethylene glycol, citric acid and
lycerol. The importance of pectin as a gelling agent in the food
ndustry is well known, and obtaining a gel with a high level of
omogeneity is also important in the sol–gel method to produce
ery small particles. In a subsequent article they showed that this
ame method is suitable for producing YSZ nanoparticles even
ith a very low temperature in the calcination step [8,9]. Differ-

nt sucrose pectin ratios were investigated and the ones found to
e optimal have been chosen for the present study. This present
ork investigates whether this method is suitable for producing
binary Ni/YSZ powder mixture for SOFC anodes directly in
ne single step.

. Objectives
The objectives of this work is thus to devise a new, environ-
entally friendly and cost-effective, one-stage process for the

roduction of a complete, nano-sized Ni/YSZ powder mixture
uitable for SOFC anodes, based on the new sol–gel process
here sucrose and pectin are used as organic precursors.
0:40 100:1 300 B1
100:4 300 B4

. Experimental procedure

.1. Synthesis

Zirconium tetrachloride (ZrCl4, Sigma–Aldrich, techni-
al purity), yttrium nitrate hexahydrate (Y(NO3)3·6H2O,
igma–Aldrich, 99.9% purity) and nickel nitrate hexahydrate
i(NO3)2·6H2O (Merck KGaA, 99% purity) were used as

aw salts. The appropriate quantities for a final composition
f 8 mol% Y2O3to ZrO2 were calculated and used. Two final
i/YSZ mass ratios were used: 50:50 and 60:40. In order to
btain the optimal particle morphology and at the same time a
arrow particle size distribution, a range of compositions of the
recursors were tried out. These are given in Table 1.

The procedure is illustrated in the form of a flow chart in
ig. 1. The starting raw salts are dissolved in about 300 ml
istilled water at a temperature of about 90◦ C on a warming
late under continuous stirring forming a clear solution. The
ucrose:pectin mixture is added to the solution to act as com-
lexation/polymerization agents. The final solution, having the
H of 0.5–1, is maintained on the warming plate at a temperature
ower than 110◦ C for about 3 h.

During these 3 h the gel is formed from the clear solution,
he solution starts to evaporate slowly and in the end a xerogel
s obtained. The xerogel is then calcined to obtain NiO/YSZ
owder. Two maximum calcination temperatures were used: 800

◦

Fig. 1. A flow chart illustrating the preparation of samples.
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Addition of sucrose and pectin to the solution of the metal
ations forms a polymer matrix in which the Ni2+, Zr4+and Y3+

ations are distributed through the polymeric network structure.
ucrose, which is always in excess, acts as a strong chelating
gent and as a pattern material. The chelated complex mass
s obtained by polymerization via gel formation. In the case
f sucrose solution (aqueous solution), NO3

− ions helps to
ydrolyze the sucrose molecule into glucose and fructose which
re afterwards oxidized to gluconic acid or polyhydroxyl acid.
luconic acid contains both carboxylic acid group and hydroxyl
roups which can participate in the complexation of metal ions
nd may form branched polymer with pectin. Pectin chains
orm very large, long layers and sucrose molecules may bind
etween this layers. In the present process, metallic ions (e.g.
r4+, Ni2+) are bound by the sucrose molecule and the result-

ng complex molecule is trapped between pectin layers. During
alcination this polymeric metal ion complex is decomposed
nto CO2 and H2O and a large amount of heat is generated.
he products from this process are gaseous, and their escape

rom the reaction mixture prevents agglomeration by ensuring
hat the mixture remains porous. Thus fine particles, which are
nly moderately agglomerated, are formed as the final powder.
his mechanism, and the role played by sucrose and pectin in

he formation of YSZ powders, is discussed in more detail in
ef. [8].

.2. Results and discussion

Thermal analyses were performed on dried gel using a
erivatograph Q 1500 (MOM Hungary). An example of the
iagrams obtained is shown in Fig. 2. During the experiments,
he sucrose quantity is always in excess so the TG/DTA curves
how that all samples prepared decompose in a similar way. An
ndothermic effect (marked 1 in the figure) starts at 100 ◦ C and
ontinues until 200 ◦C. This effect is associated with a mass loss
f 12%, and can be due to water loss. From 200 ◦ C until 400 ◦ C
n exothermic process (2) takes place, probably due to decom-
osition of the organic components. Starting at 400 ◦ C two other
xothermic effects can be distinguished: the first one between

00 and 475 ◦ C (3) and the second one between 475 and 800 ◦
(4). These effects can be due to the formation of the ZrO2and
iO structures and the formation of the solid solution between
2O3and ZrO2, which results in a cubic crystal structure. The

o
N
i
l

able 2
pecific surface area of the samples

ample Calcination temperature (◦C) Specific surface a

BET singlepoint

1 800 148.54
1 1000 54.81
4 800 15.75
4 1000 5.70
1 800 168.21
1 1000 62.03
4 800 13.87
4 1000 5.48
ig. 2. The thermal analysis of the Ni/YSZ gel sample. The mass axis is not
ndicated in the figure, but runs from 100% at the top of the y-axis to 0% at the
rigin, such that the mass% loss can be read directly off the plot.

ass loss during these exothermic effects is 52%, giving a total
ass loss of 64%.
The specific surface area of the samples was determined using

Gemini 2380 surface area analyzer from Micromeritics. The
esults of BET analyses of the NiO/YSZ powders are given in
able 2.

Assuming the particles to be round and using a density of
285 kg/m3for the A samples and 6362 kg/m3 for the B sam-
les, the Sauter mean diameter of the particles can be estimated
rom the specific surface area (see Table 2). The specific surface
ecreases – and the particle size increases – with increasing
alcination temperature.

X-ray diffraction, XRD, was carried out with Cu K � radia-
ion on a Bruker diffractometer. The intensities were measured
rom 20 ◦ to 100 ◦ with a step size of 0.02 ◦ and a counting
ate of 3 s per scanning step. Structure refinement was per-
ormed according to the Rietveld technique, supported by the
ULLPROF computer code [10,11] under the assumption of
hompson–Cox–Hastings line profile. XRD patterns of the pow-
ers synthesized with different sucrose:pectin ratios are shown
n Figs. 3 and 4. The obtained patterns show the presence of
wo main phases, NiO and ZrO2, with a cubic Fm −3 m type
tructure. The presence of other phases such as an amorphous

ne, single Y2O3, ZrO2 tetragonal or monoclinic, single Ni or
i(OH)2 was not observed. A well-crystallized powder mixture

s indicated even for the four samples calcined at 800 ◦C. The
arger peak width in these four patterns compared to the four

rea Particle size (nm)

(m2/g) BET multipoint (m2/g)

144.02 6.63
53.11 18.0
15.27 62.5

5.56 172
161.27 5.85

60.09 15.7
13.43 70.2

5.26 179
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Fig. 3. The XRD spectra of the A samples calcined at 800 and 1000 ◦C.
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Table 3
Atomic distances for NiO and ZrO2 structures

Structure Site Distances (Å) Number of near neighbours Notation

NiO 4a 2.09 2 4b
– – 4a

4b – – 4b
2.09 2 4a

ZrO2 4a 5.14 6 4a
2.23 8 8c
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Fig. 4. The XRD spectra of the B samples calcined at 800 and 1000 ◦C.

alcined at 1000 ◦ C indicates a smaller crystallite size for the
ower calcination temperature.

The detailed structure was investigated using the CARINE
rogram to obtain the interatomic distances and to show the reli-

bility of the new method. The interatomic distances are very
imilar between the samples, and thus only the structures of
iO and ZrO2 in sample A4 calcined at 1000 ◦ C are presented

n Table 3. Due to the fact that the interatomic distances are

b

o
t

Fig. 5. ZrO2 spatial
8c 2.23 4 4a
2.57 6 8c

xactly the same, i.e. that the structural parameters have no major
ifferences, the obtained compounds can be said to be crys-
alographically analogous. Based on the obtained interatomic
istances the NiO and ZrO2spatial structures are presented in
igs. 5 and 6 confirming the crystal configurations characteristic
f NiO and ZrO2 and the reliability of the new method.

The mean crystallite size was calculated from full width at
alf maximum (FWHM) of the diffraction peaks according to
cherrer’s formula (as quoted in [12]). For the A samples, cal-
ined at 800 ◦C, the mean crystallite sizes of the NiO and YSZ
hases are about 37 and 11 nm, respectively. When increasing
he calcination temperature to 1000 ◦ C these values increased to
3 and 31 nm, respectively. All the values are given in Table 4.
he XRD data are in good agreement with the TEM studies

eported below. The results indicate that calcination at higher
emperatures enables Y-doped zirconia to acquire larger crys-
allite sizes and a higher degree of crystallinity. A study of the
able reveals that the use of different sucrose:pectin ratios has
nly little effect on the average crystallite size of the final prod-
cts. We note that the BET and TEM results indicate a somewhat
ore significant effect of the sucrose:pectin ratios on the parti-

le size. We have to leave this issue somewhat in the open at this
tage, however, since there are uncertainties associated with all
hree methods, due, for example, to the formation of solid necks

etween the particles, and non-sphericity of the particles.

Typical transmission electron microscopy (TEM) pictures,
btained by a JEOL-JEM-1011 transmission microscope, of all
he investigated powders are shown in Figs. 7 and 8.

configuration.
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Fig. 6. NiO sp

The samples were dispersed in water under stirring and one

rop taken from the solution was deposited on a copper grid,
hich previously had undergone a carbon deposition process
nder vacuum followed by a glow discharge. The agglomer-
tes of NiO/YSZ samples are quite similar in all final powders.

Fig. 7. TEM images of the A samples calcined at 800 and 1000 ◦C.

T
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onfiguration.

he mean particle size estimated from the pictures are shown in

able 4. The A samples have the largest range of particle sizes
rom 28 to 71 nm, the smallest sizes at a calcination temperature
f 800 ◦C. The mean particle sizes of the B samples appear to
e much more uniform between samples and between the calci-

Fig. 8. TEM images of the B samples calcined at 800 and 1000 ◦C.
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Table 4
Crystallite size (NiO, YSZ) calculated from XRD patterns and mean particle size estimated from TEM pictures

Sample Temperature (◦C) NiO crystallite size (XRD) (nm) ZrO2crystallite size (XRD) (nm) Mean particle size (TEM) (nm)

A1 800 37 11 28
A1 1000 53 31 71
A4 800 39 11 35
A4 1000 58 32 64
B1 800 44 11 30
B 28 31
B 11 28
B 28 30
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Table 5
The weight ratios of individual elements of the A4 sample calcined at 800 ◦C

Point Ni (wt%) Zr (wt%) O (wt%) Al (wt%) C (wt%)

pt 1 52.32 4.68 28.68 4.70 9.62
p
p

4

c
s
t
r
p
h
t

1 1000 53
4 800 40
4 1000 60

ation temperatures, ranging from 28 to 31 nm, again the lower
ize found at a calcination temperature of 800 ◦C. The TEM
nvestigations are in general in good agreement with the XRD
ata. Unfortunately, the two types of particles (NiO and ZrO2)
annot be distinguished visibly. It was, however, possible to use
he analytical capabilities of the SEM microscope to determine
he elements present in small regions of the obtained powders
s described below.

The scanning electron microscopy (SEM), a Zeiss, SUPRA
5VP microscope was used for further analysis of the samples.
luminium stubs covered with carbon tape were used to enter

he samples into the microscope. Fig. 9 presents the results of the
ample A4 calcined at 800 ◦ C using a magnification of 116,878
imes and the accelerating voltage of 10.0 kV. The sample was
nvestigated at three different points and the presence of Ni, Zr
nd O elements was recorded. The weight ratios of each element
or all three analyzed points have been determined from the
DAX spectra and are presented in Table 5. The detection of Al
nd C is due to the presence of the supporting stubs. Based on

he XRD spectra, which have shown the presence of only NiO
nd ZrO2phases, it can be assumed that other forms of Ni or Zr
re not present in the final powders.

Fig. 9. SEM image of the A4 samples calcined at 800 ◦C.
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t 2 25.62 10.62 24.17 25.90 13.69
t 3 47.84 5.40 27.56 8.58 10.63

. Conclusions

Binary mixtures of NiO and YSZ particles in two different
ompositions were synthesized by a new sol–gel method using
ucrose and pectin as organic precursors. The method allowed
he preparation of binary mixtures of pure particles in one step at
elatively low cost and at a reduced calcination temperature com-
ared to conventional methods. Moreover, the product particles
ad quite uniform particle sizes within each type. The YSZ par-
icles were smaller than the NiO particles, which, as mentioned
n the introduction, is optimal for SOFC anode performance.

This process is simple and cost-effective and reasonably easy
o transfer to an industrial scale.

Thermal analysis studies indicate the NiO and YSZ phases
re completely formed at 800 ◦C. The XRD patterns show the
resence of NiO and YSZ in cubic forms in all the samples, and
ndicate no other phases.

TEM, SEM and XRD analyses agreed in showing that the
article size increases with increasing calcination temperature,
nd all the analysis techniques agreed reasonably well in terms
f the particle and crystallite sizes.

The obtained particle mixtures can be used to fabricate cermet
nodes. During calcination, the metal ion complex is decom-
osed and large amount of gases and heat are generated. The
egree of porosity of the gel is a direct consequence of the
mount of gases that escape during calcination treatments. The
esultant composite powders provided good connections of YSZ
rains and NiO grains without a milling process, and this may
esult in a relatively low polarization loss in an anode produced
irectly from the composite powder as produced.

The obtained particles are all smaller than 135 nm and a
omparison between the estimates for the crystallite size and
he particle size indicates that the particle consist of one to two

rystallites in the case of YSZ particles and several crystallites
n the case of NiO particles. The electrical properties of the
btained materials and their sintering properties will be reported
n the near future.
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