J Therm Anal Calorim (2014) 118:75-81
DOI 10.1007/s10973-014-4003-0

TG/DTA-MS evaluation of methane cracking and coking on doped

nickel-zirconia based cermets

Thomaz Augusto Guisard Restivo - Sonia R. H. Mello-Castanho -

Jorge Alberto Tenorio

Received: 12 January 2014/ Accepted: 29 June 2014 /Published online: 1 August 2014

© Akadémiai Kiado, Budapest, Hungary 2014

Abstract Cermet materials based on metallic nickel and
cubic zirconia are the key material for applications on solid
oxide fuel cells and high temperature water electrolysis. The
main advantage is the possibility of direct feeding a
hydrocarbon fuel, like methane, or even an alcohol as a
source of hydrogen. The reforming reaction on the Ni cat-
alyst surface can produce hydrogen continuously. However,
the resulting catalyst poisoning by carbon deposition (cok-
ing) imparts their broad application. The work shows the
evaluation of coking tolerance of some cermets prepared by
mechanical alloying techniques and compares new additives
specially chosen in order to avoid coking and increase the
catalytic activity. Refractory metal additives besides copper
were added to the basic cermet. While copper is a known
doping agent that avoids coking, the refractory metals (Mo
and W) have a twofold effect: promote sintering at lower
temperatures and increase Cu activity due to their mutual
immiscibility. Results of TG/DTA-MS analysis demon-
strate both refractory metals have increased the coking tol-
erance as well as the catalytic activity during diluted
methane cracking. Molybdenum and tungsten additives are
promised regarding the improvement of these cermet
materials for high temperature electrochemical devices.
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Introduction

Cermet materials play an important role nowadays due to
their combined properties for functional and structural
components, leading to applications such as solid oxide
fuel cells and hard tools. The present article explores new
concepts in order to obtain distinct properties on nickel—
stabilized zirconia (Ni—-YSZ), the most employed anode
material in solid oxide fuel cell (SOFC) and cathodes for
solid oxide electrolysis (SOEC) [1]. The main development
efforts aim to allow hydrocarbon and alcohol fuels direct
feeding on SOFC devices for hydrogen generation thanks
to reforming reactions. However, such fuels induce poi-
soning on the catalyst (Ni) surface by carbon deposition
(coking), the effect being considered the main drawback of
solid oxide fuel cells technology [2-5]. Steam reforming
processes are said to avoid coking at the expense of
reducing the efficiency of the SOFC cell due to fuel dilu-
tion with vapor. One alternative solution to the issue con-
siders copper metal doping which is said to avoid carbon
deposition, according to some electrochemical, catalytic,
kinetic, and quantum density function (DFT) theories
[6-8]. A simpler approach is considered in the present
work: Cu and C show strong thermodynamic immiscibility
and interact repulsively. Therefore, it is believed that the C
atoms are repealed by the Cu ones at the catalyst surface,
preventing the formation of C—C bonds. By the other side,
Cu forms easily an alloy with Ni, decreasing its electro-
catalytic function and even the coking tolerance itself
[9-12]. These questions were faced up by the same
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immiscibility concept, where a third refractory metal is
added to repeal Cu to an unalloyed state.

Mo refractory metal plays a further function: to promote
sintering at low temperature. The sintering by activated
surface process (SAS) was developed is such a way to take
advantage of sacrificial layer coatings on ceramic particles
[12-14]. High energy milling (mechanical alloying) tech-
niques were employed to obtain these metallic layers even
with opposite metal species, such as the case for Cu and
Mo or W. Metallic Mo additive shows useful properties to
be used in SAS mode: Mo oxidizes to MoOj3, melting at
802 °C, and evaporates at about 1,100 °C. Thus, this sac-
rificial metallic film, being inert with respect to the ceramic
matrix, provides an effective protection to the surfaces
after melting and wetting. Afterwards, during the evapo-
ration step, the molten oxide gradually exposes the hidden
surfaces with preserved active surfaces, which approach
from each other by capillary forces action. The result is a
fast sintering at lower temperatures. Our previous paper has
demonstrated the sintering is promoted by doping with
metallic Cu and further with Mo in addition to Ni-YSZ
cermet compacts [13]. The activation energies determined
by quasi-isothermal dilatometry methods clearly show
lower values when the cermet is doped with these third and
fourth metallic components. In the present article, the
objective is to evaluate these metallic dopants regarding
fuel cracking (methane) and carbon poisoning tolerance.

Experimental

The starting powders were cubic 8 mols% yttria stabilized
zirconia (YSZ), 13 m?> g_l, mean  particle size
d(50) = 0.3 pm, from Tosoh Corp and metallic Ni powder
d(50) = 3 um  (Aldrich). The metallic additives
d(50) = 5 pm include Cu, W, and Mo. High energy milling
was carried out at a 19 Hz shaker mill with vials and ¢5 mm
spheres made from AISI 52100 steel or polymeric vials
sheathed by tetragonal zirconia (YTZ) as well as YTZ ¢5
and 8 mm spheres. Processing milling times were 3-10 h
employing balls to powder mass ratios of 10:1 and 20:1.
There are low contamination at these condition, approxi-
mately 0.3 mass% Fe, Ni e Cr when milled into steel vials.
All the prepared compositions include 40 vol% total metal
content and 60 vol% of YSZ, were metallic Ni amounts
from 20 up to 40 vol%, remaining other metallic additives
the rest. Green pellets were pressed at 100 MPa load into ¢7
and 10 mm dies. Sintering of pellets was performed at dif-
ferent conditions according to the SAS process in a tubular
furnace. A dynamic atmosphere of argon (150 mL min~")
with controlled oxygen partial pressure was obtained by
flowing the gas through a thermostated water flask. This
procedure assures a humidified argon flow where the water
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vapor is weakly decomposed at high temperature providing
a small set of oxygen partial pressure during sintering.
Milled powders and sintered pellets were analysed by X-ray
diffraction (Shimatzu XRD-6000, CuK_, 40 kV) in order to
check the validity of the repulsive action between Cu and
refractory metals. This means the precipitated Cu peak may
be identified beside Ni peaks. The sintered samples analysed
by TG/DTA-MS are listed in Table 1 together with the
sintering parameters employed. They were chosen among
several sintering experiments to find similar densities, e.g.,
same geometric densities (% TD—theoretical density).
Thermal analyser TG/DTA (Setaram Setsys) coupled to a
mass spectrometer MS (MKS e-Vison+) was employed
under 10 % Ar-diluted CH4 and O,, controlled by mass flow
system. The specific sensitivity of the MS apparatus is
1.5 x 10™* A mbar™'. Sintered material pieces cut from
pellets (masses in Table 1) were charged in cylindrical
alumina crucibles and submitted to two CH4/O, redox
cycles at 800, 650, and 500 °C isotherms. Gas flow sweeps
downward to reach the open-top crucible, assuring the
reactive gas contacts the porous sample. The recorded
TG/DTA-MS curves can be used to follow numbered events
of mass loss, energy change, and amount of gas evolved.
The Mo bearing sample was further analysed at SEM-FEG/
EDS (scanning electron microscope—field emission gun
EDS coupled, Jeol model JSM 6701S) .

Results and discussion

Figure 1 shows the X-ray powder diffraction patterns of
3-hours high energy milled sample besides the original Ni
and YSZ powders. Peak broadening is evident due to high
energy milling action. Microforging events increase the
amount of defects like dislocations on Ni powder, while
refining the YSZ ceramic powder. The DRX profile for
YSZ-Ni—Cu milled powder does not show the main peak
related to Cu but only the Ni peak, which indicates the
metal forms early an alloy with Ni during powder high
energy milling. However, the incorporation of Mo and W
additives on powders has preserved Cu peak intensities due
to repulsive action exerted by the refractory metals, dem-
onstrating the thermodynamic immiscibility concept is
valid. Once Cu is precipitated, it is expected a positive
effect on coking tolerance and catalytic activity.
Nevertheless, the precipitation of Cu after sintering the
pellet samples is not easily evident as seen in Fig. 2. There
are some indications that free Cu is still present in sintered
samples containing Mo and W since Ni peaks are strongly
shifted and broadened in the direction of Cu-100 % peak.
One can note the second Cu peak (46 %) seems to reflect
X-ray as compared to YSZ-Ni—Cu one. MoO, is identified
for YSZ-Ni-Mo—Cu patterns due to the slightly oxidation
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Table 1 Sintered samples selected for TG/DTA-MS analyses: composition, % of the theoretical density (%TD, geometric measured density),

sample masses, and sintering parameters

Sample Composition/vol% %TD Mass/g Sintering parameters
Ni Cu Mo w Temperature/°C atmosphere
YSZ-Ni 40 - - - 65.8 52.0 1,200 Ar
YSZ-Ni-Cu 28 12 - - 67.2 68.0 1,200 Ar
YSZ-Ni-8Mo—Cu 20 12 8 - 66.3 70.1 1,200 Ar—po; = 107* atm
YSZ-Ni-19Mo-Cu 11 10 19 - 65.7 76.2 1,200 Ar—pos> = 107 atm
YSZ-Ni-W-Cu 20 12 - 8 69.3 99.5 1,100 Ar-po, = 1.5 x 107 atm
W Ni sintering conditions. The volatile MoOj3 should be evolved
vSZ during sintering but the sub-oxide remains since it is less
Ni volatile.
The simultaneous TG/DTA-MS analysis under redox
Cu conditions for YSZ-Ni is shown Fig. 3. During methane
{ Vs W W flow (10 %) at 800 °C, the reduction is fast followed by a
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Fig. 1 X-ray diffraction patterns for powders YSZ-Ni-Cu and with
refractory metals additives
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Fig. 2 X-ray profiles of sintered samples

mass loss thanks to some residual NiO in the pellet. The
respective DTA peak is endothermic. After reduced, still
under methane, the material gains mass, which has been
ascribed to carbon deposition on surface (coking). In the
sequence, argon is fluxed to purge the reducing gas and O,
(10 %) is admitted to settle an oxidizing condition. It is
interesting to note in the oxidizing O, flow period that there
is still a mass loss since the previously deposited carbon is
oxidized to CO,. According to MS simultaneous scanning,
methane undergoes cracking to form H,, which is detected
in the spectrometer, and CO, is formed afterwards when
flowing O,. At lower temperatures, both the reforming and
the coking processes are less intense. One further aspect to
be noted is the aging of the catalyst after six cycles when
heating once more up to 800 °C in the last cycle. It seems
to lose the initial efficiency since the hydrogen release is
rather small. Hence, YSZ-Ni cermet has low tolerance to
catalyst poisoning by coking.

YSZ-Ni—-Cu material shows a different behavior
(Fig. 4). The mass gain in the reducing step is less intense,
meaning there is little carbon deposition, in accordance
with lower CO, release in oxidative step.

The results are encouraging for YSZ-Ni-8Mo—Cu
(Fig. 5) since carbon deposition was not detected as mea-
sured by mass gain, even at 800 °C, as well as plenty of
hydrogen is released from methane reforming reaction
along all the reduction cycles. One important point to
mention is the higher stability of hydrogen production
during methane flow, as seen by a low slope of H, scanning
curve. There is even an important amount of hydrogen
evolved at 650 °C, demonstrating the catalyst is rather
active at this temperature. CO, formation is smaller than
the previous samples, in spite of some increasing at the
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second cycle. Moreover, the catalyst remains active at the
last 800 °C cycle.

Due to its high solubility in Ni, Mo can form an alloy
during high energy milling, sintering, or at 800 °C

YSZ-Ni-W-Cu

YSZ-Ni-19Mo-Cu

YSZ-Ni-8Mo—-Cu

Gas pressure per unit mass/a.u.

YSZ-Ni—Cu
YSZ-Ni

T T T T T ] T 1 TOUT )
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Time/min

Fig. 6 Comparison between the cermet materials on releasing gases
by unit mass by MS

isotherm. It is believed the alloyed Mo would force Cu to
precipitate at the surface where it would repeal C.

Figure 6 compiles the MS signals of H, and CO, release
for different samples, whose measurement curves were
normalized by unit mass of sample. Since the sample
densities are similar, the same is expected from their pore
structure, even though the surface area should be small
after sintering. Therefore, a comparison is allowed in unit
mass basis. The results show the hydrogen release is higher
in samples doped with refractory metals, but not so far
from the YSZ-Ni—Cu case. In addition to YSZ-Ni—-8Mo—
Cu sample, it can be seen the W bearing material is also a
good candidate owing to a stable and intense H, evolved
flow from reformed methane. The hydrogen release from
CH, cracking expends a longer time to increase to a
maximum at the second methane cycle, suggesting the
catalyst has undergone an activation sequence. It should be
remarked that this kind of phenomena is affected by the
original oxidation state of the pellet pore surfaces. Another
Mo bearing sample with higher content was also analysed,
where the amount of Mo reaches 19 vol%, greater than Ni.
In these conditions, the Mo thermodynamic activity in the
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SEM-FEG EDS punctual analysis near the pore; sintered YSZ-Ni-Mo-Cu
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alloy is unitary and does not admit any dissolved Cu due to
repulsive interactions. The respective curves for H, and
CO, show a promised first methane cycle but a catalyst
activity degradation in the following cycles. This result
suggests the high Mo/low Ni content is not advantageous
for the reforming activity of the catalyst. Actually,
reforming of methane takes place at Ni sites, as reported
for Ni-Mo,C catalyst TPR evaluations of CH,4 dissociation
[15], which requires higher Ni content. Molybdenum car-
bide is likely to form in the experiment conditions which
could also increase the coking tolerance in addition to Cu
repulsing effect on carbon atoms. York has concluded that
Mo and W carbides avoid the deactivation of Ni supported
catalyst, being WC the most effective [16]. According to
this article, the carbide sites form closely to active Ni sites
and provoke the decomposition of CO,, providing more
surface oxygen to oxidizes the deposited carbon on Ni.

The synergetic effect of Mo doping on Ni in increasing
the methane cracking activity has been explained by
increasing the electron density of Ni due transferred elec-
trons from MoOx species or Mo atoms [17, 18]. Electron
pairs donation between Ni and Mo can also lead to for-
mation of stable intermetallic compounds with suitable
electronic configuration to provide adherence and trans-
ference of H™ ions, therefore, promoting H, evolution from
methane. Among the very stable intermetallic compounds,
NiW3 and NiMos exhibit d-orbitals overlapping and are
expected to show high catalytic activities [19]. Basically,
the refractory metals induce Ni to form H bounds such as a
hydride but with low stability due to internal intermetallic
bounds formed with Ni. Thus, the weakening of H bounds
over Ni allows hydrogen evolution.

A more detailed investigation of the cermet micro-
structure indicates the influence of refractory and Cu dis-
tribution on the reforming behavior for the as-sintered
YSZ-Ni—-Mo—Cu cermet in Fig. 7. Mo (points 3 and 4) and
Cu (point 3) are precipitated in the vicinity and surface of
pores due to their mutual immiscibility. As disclosed in the
X-ray profile in Fig. 2, Mo can be also present as MoO,
oxide. Free Cu is expected to repeal C atoms, avoiding the
formation of C—C bonds, and filament growing that leads to
catalyst poisoning. In parallel, Mo carbide is likely to form
in place of C chains.

Conclusions

TG/DTA-MS analyses were performed at sintered cermets
of YSZ-Ni containing Cu, Mo, and W as bimetallic and
multimetallic alloys under redox condition with argon
diluted methane and oxygen. The powder samples were
processed by high energy milling, while the compacts were
sintered by SAS method. The refractory metals were
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employed with two functions: to increase the densification
on sintering and to repeal Cu to precipitate from Ni—Cu
alloy. The results demonstrate Cu alloying is efficient on
blocking carbon deposition regarding YSZ-Ni standard
cermet. Low content Mo additive can improve the coking
tolerance, while the catalytic activity for hydrogen release
form methane cracking is slightly increased. W doping is
found to further increase hydrogen evolution in the same
conditions. The thermodynamic concept of metal immis-
cibility is proposed in order to explain the superior coking
tolerance, while it is suggested both refractory metals
doped can have synergetic effects among those metals and
Ni. SEM analysis has found rich regions of Cu and Mo in
the vicinity of pores, suggesting these metals have repul-
sive characteristics when alloyed with Ni and may pre-
cipitate. The repulsing action of free Cu against C indicates
the principles supported in the research are valid to delay
the catalyst deactivation by coking. Multimetallic YSZ-Ni
cermets containing Cu, Mo, and W are promised materials
for SOFC cells and high temperature water electrolysis, as
well as for methane cracking processes.
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