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Abstract

Thermal decomposition of nickel acetate (T > 300◦C) dispersed on either silica or cordierite supports resulted in a mixture of Ni0/NiO
that was catalytically active for the decomposition of methane to produce CO-free hydrogen, without the need for any pretreatm
using H2 at high temperature (> 500◦C) for at least 2 h). The carbon yield (gC/gNi) for the catalysts supported on SiO2 (∼ 200–300 m2/g)
increased with an increase in the catalyst NiO mean crystallite size. XRD and FE-SEM studies confirmed the formation of grap
carbon filaments during the methane decomposition.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The search for alternative energy sources has been
pelled by the reduction of petroleum reserves around
world and by pollution caused by the increase in ene
consumption. Compared with other options, such as s
or wind energy, the use of hydrogen (H2) to satisfy future
energy demand emerges as an attractive choice. Hydro
a clean-burning fuel, has been widely used in petroleum
fineries, the production of ammonia, the hydrogenation
fats and oils, welding, the production of hydrochloric ac
the electronics industry, fuels for rockets, and recently
fuel cells. Worldwide, 48% of H2 is produced from natura
gas, 30% from petroleum (mostly consumed in refineri
18% from coal, and the remaining 4% from water electro
sis[1].

Electrolytic production of H2, a highly inefficient process
is only attractive when low-cost hydroelectric power is av
* Corresponding author. Fax: +1 860 486 2981.
E-mail address:suib@uconnvm.uconn.edu(S.L. Suib).
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able[1]. In addition, technologies for hydrogen generat
from biomass, such as enzymatic decomposition of sug
steam reforming of bio-oils, and gasification, suffer fro
low production rates and/or complex processing requ
ments[2].

In contrast, decomposition of methane over suppo
metal catalysts (preferably nickel)[3–15] produces very
pure H2 without the formation of carbon oxides, whic
eliminates the process of separating the gaseous mixt
However, such an advantage is outweighed by the cat
deactivation due to carbon deposition on the active s
hence requiring regeneration by conventional oxidation
air or steam gasification[3,4,11]. Catalytic decomposition
of methane is therefore a useful application in some spe
cases, such as hydrogen fuel cells (e.g., proton-exch
membrane, PEM), where CO-free hydrogen is require
avoid deactivation of the platinum electrode.

Nickel has been the most common transition metal u
for decomposition, steam reforming, and/or partial oxi

tion of methane. For instance, Amiridis et al.[3,4] have
been using 15% Ni/SiO2 for the decomposition of methane
to produce CO-free hydrogen, and have found that fila-

http://www.elsevier.com/locate/jcat
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mentous carbon started to grow when attached to a n
crystallite, which eventually led to catalyst deactivatio
Dicks [5], Matsukata[6], and Ermakova[7] have also re-
ported the formation of filamentous carbon during the
composition of methane with the use of 5% Ni/SiO2 and 90–
96% nickel with different textural promoters (SiO2, Al2O3,
MgO, TiO2, and ZrO2). Froment et al. have comprehensive
studied the filamentous carbon formation and the gasi
tion process during methane decomposition[8]. Takenaka e
al. [9,10] have used 40% Ni/SiO2 and 37% (Pd–Ni)/carbo
nanofibers to decompose methane into hydrogen, at
ing the highest hydrogen yield among those reported
(16,000 molH2/mol(Pd+Ni)), for the mixture 37% (Pd–Ni
supported on carbon nanofibers. Choudhary et al.[11–13]
have studied the continuous production of H2 from methane
decomposition over Ni-containing metal-oxide (Ni/M =
1.0) and nickel (10%)-impregnated zeolite and SiO2 cata-
lysts. Gronchi[14] synthesized nickel-supported cataly
on SiO2 and Al2O3 in the form of xerogels, and the in
fluence of surface differences on the catalytic activity
the materials was studied with the CH4 reforming reaction.
An extensive review of the multiple roles of catalysis
the production of hydrogen was made by Armor[1]. Ar-
mor highlights the use of nickel catalyst (∼ 12–20% nickel)
supported on a refractory material, such as alpha alum
for steam reforming of methane. Recupero et al.[15] also
used commercial Ni/Al2O3 (CRG-F) for steam reforming o
methane.

However, nickel nitrate has been the preferred nickel
in all of these studies. The thermal decomposition of nic
nitrate (T > 400◦C) produces nickel oxide (NiO). To re
duce the nickel from oxide to nickel metal, pretreatm
of the catalysts is required (with H2 at high temperature
(> 500◦C) for at least 2 h). On the other hand, many
search studies[16–24]have characterized in detail the the
mal decomposition of nickel acetate (Ni(CH3COO)2·4H2O).
There is agreement[21,23,24] that this salt decompose
at temperatures higher than 250◦C through an autocat
alytic process in which a nickel carbide (Ni3C) intermediate
species is formed. At temperatures higher than 300◦C, Ni3C
decomposes completely, giving rise to a mixture of Ni0 and
NiO.

To the best of our knowledge, the use of this pecu
mixture Ni0/NiO from an acetate salt for catalytic purpos
(such as the decomposition of methane) has not yet bee
ported. The present investigation evaluated the applica
of the Ni0/NiO mixture, which was obtained after therm
decomposition of nickel acetate, for CO-free hydrogen p
duction by means of decomposition of methane, with the
of two types of supports: cordierite monolith and SiO2. Cata-
lyst preparation, characterization, and catalytic performa

were reported. The relationship between nickel oxide (NiO)
mean crystallite sizes and catalyst deactivation, due to car-
bon deposition, was also studied.
f Catalysis 233 (2005) 317–326
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2. Experimental

2.1. Catalyst preparation

2.1.1. Type 1
Celcor cordierite (Mg2Al4Si5O18) monoliths (as re-

ceived) from Corning with square channels and a densit
400 squares/in2 were cut into smaller pieces (L = 20 mm,
D = 9 mm) and dipped in a 0.5 M aqueous solution
nickel(II) acetate tetrahydrate (Ni(CH3COO)2·4H2O, CAS:
6018-89-9; Aldrich Chemical Company, Milwaukee, WI)
nickelous nitrate hexahydrate (Ni(NO3)2·6H2O; JT Baker,
Phillipsburg, NJ) for 3 h at room temperature and dr
overnight in air at 120◦C. The monoliths were then calcine
in air at 600◦C for 2 h. The final nickel content on the mon
liths was 8 wt%. The samples were denoted Cor-A-8
Cor-N-8, respectively (i.e., support–salt–wt%) (A= acetate,
N = nitrate).

2.1.2. Type 2
Nickel catalyst supported on SiO2 (Davisil 35-60 mesh

grade 646, type 150 A, Fisher) was prepared by conv
tional wet impregnation with a nominal metal loading o
and 40 wt%. Nickel(II) acetate tetrahydrate (Ni(CH3COO)2·
4H2O, CAS # 6018-89-9; Aldrich Chemical Company, M
waukee, WI) and nickelous nitrate hexahydrate (Ni(NO3)2·
6H2O; JT Baker, Phillipsburg, NJ) were used as a sou
of nickel. After impregnation at room temperature, the c
alysts were dried overnight at 120◦C and then calcined, in
air, at 600◦C for 2 h. These samples were denoted Si-A
Si-A-40, Si-N-8, and Si-N-40, respectively.

2.2. X-ray diffraction

X-ray diffraction (XRD) analysis was used to identify th
nature of the powder catalyst. XRD data were collected w
a Scintag 2000 XDS diffractometer with Cu-Kα X-ray radi-
ation. Powder samples were placed on aluminum slides
scanned at 4◦ 2θ/min. The beam voltage and beam curre
were 45 kV and 40 mA, respectively.

2.3. Scanning electron microscopy and field emission
scanning electron microscopy

The morphology of the catalyst, before and after re
tion, was recorded by scanning electron microscopy (SE
and field emission scanning electron microscopy (FE-SE
SEM micrographs were taken with an Amray 1810 mic
scope, and high-resolution micrographs were taken wi
Zeiss DSM982 Gemini FE-SEM microscope. Samples w
mounted on carbon tape onto aluminum sample holder
analysis.

2.4. Textural properties
The catalyst (types 1 and 2, as prepared) surface ar-
eas were measured, with the use of nitrogen physisorption
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at liquid nitrogen temperature with a Micrometrics ASA
2010 System. Before the analysis samples were outgass
300◦C under vacuum for 2 h. Surface areas were determ
by nitrogen adsorption data, with Brunauer–Emmett–Te
(BET) methods.

2.5. Catalytic activity

Types 1 and 2 catalysts were tested for the decomp
tion of methane with a gas-flow quartz tube reactor (i.d=
10 mm, length= 30 cm), operating at atmospheric pressu
The reactor was kept in a tubular electric furnace contro
by an Omega-4002A temperature controller, connected
thermocouple placed at the center of the reactor. Meth
(99% [Airgas]) was fed to the reactor at 40 ml/min and reg-
ulated by a MKS-247C flow controller. The catalysts (type
∼ 0.6 g, or type 2:∼ 0.040 g) were placed 17 cm from
the reactor entrance with quartz wool to set up the cata
bed. The gap between the catalytic bed and the reacto
trance was filled with glass beads (4 mm, cat # 11-31
Fisher) in order to increase the contact area for preheatin
the feed. Before the reaction started, the catalysts prep
with Ni(NO3)2·6H2O as the nickel precursor were reduc
with pure hydrogen at 550◦C for 2 h, unless otherwise men
tioned. During the reaction, the product stream was analy
by mass spectrometry (MS) with a MKS-UTI PPT quad
pole residual gas analyzer. The MS was calibrated be
the experiments with the use of gaseous mixtures of H2 in
CH4 of known concentrations: 5, 10, 15, 20, and 40%. Si
CH4 decomposition on nickel catalysts proceeds selecti
to carbon and H2 [3,7,9,10], methane conversion was calc
lated from the hydrogen concentration in the product m
ture. The amount of carbon deposited on the catalyst du
reaction was calculated by the weight difference from
fresh sample. Each experiment was performed three t
with catalysts prepared in different batches (B1–B2–B3)

3. Results and discussion

3.1. Influence of nickel precursor on catalyst surface are
and activity

Table 1summarized the effect of the nickel precursor a
type of support on the catalyst surface area. Ni(CH3COO)2·
4H2O was used as the nickel precursor and led to m
rials with higher surface areas than those obtained w
Ni(NO3)2·6H2O was used, regardless of the type of cata
(1 or 2), as indicated inTable 1. In addition, the amount o
nickel (wt%) used had an inverse effect on the catalyst
face area—the higher the Ni wt%, the lower the surface a
The difference in surface area between catalysts of typ

and 2 was attributed to the catalyst support characteristic,
since cordierite had a lower surface area (> 0.2 m2/g) com-
pared with that of SiO2 (∼ 300 m2/g).
f Catalysis 233 (2005) 317–326 319
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Table 1
Effect of nickel precursor and support on catalysts surface area

Catalysta Nickel precursor Nickel
(wt%)

BET surface area (m2/g)

B1 B2 B3

Type 1
Cor-A-8 Ni(CH3COO)2·4H2O 8 5.8 6.3 5.1
Cor-N-8 Ni(NO3)2·6H2O 8 2.9 2.1 3.4

Type 2
Si-N-40 Ni(NO3)2·6H2O 40 178.5 169.8 173.1
Si-A-40 Ni(CH3COO)2·4H2O 40 249.8 230.2 255.7
Si-N-8 Ni(NO3)2·6H2O 8 273.4 277.2 266.4
Si-A-8 Ni(CH3COO)2·4H2O 8 285.5 294.6 280.8

a Sample nomenclature: support–salt–wt%.

The changes in methane conversion with time during
catalytic decomposition of methane at 550◦C, with types 1
and 2 catalysts (from batch B1), are shown inFig. 1. At the
beginning of the reaction, the catalysts containing 40 w
nickel resulted in higher conversion (13–15%) than the c
lysts with 8 wt% nickel loading (7–10%). However, the in
tial activity of the catalyst prepared with nickel acetate, wi
out reduction pretreatment (Fig. 1, curves 2, 6, and 7), wa
very close to the initial activity obtained with the cataly
that were prepared with nickel nitrate and pre-reduced w
H2 at 550◦C for 2 h (Fig. 1, curves 1, 4, 5). The conversio
data for the unreduced Si-N-40 catalyst are also include
Fig. 1 (curve 3). Clearly, the conversion of methane w
this unreduced catalyst was lower than that obtained
the pre-reduced Si-N-40 (Fig. 1, curve 1). This difference in
activity illustrated the reduction effect on the catalysts p
pared from the nitrate salt and the advantage of using ni
acetate as a precursor (reduction free).

3.2. XRD characterization

Decomposition of nickel(II) acetate tetrahydra
(Ni(CH3COO)2·4H2O) in air at 600◦C for 2 h resulted in
the formation of a mixture of Ni0/NiO, as indicated by the
XRD pattern shown inFig. 2a (Ni0: 2θ = 43.7◦, 51.1◦,
75.6◦ JCPDS # 4-850; NiO: 2θ = 36.4◦, 42.5◦, 62.0◦, 78.6◦
JCPDS # 4-835). Thermal decomposition of nickelous
trate hexahydrate (Ni(NO3)2·6H2O) in air at 600◦C for 2 h
resulted in the formation of NiO, as shown inFig. 2b (NiO:
2θ = 36.4◦, 42.5◦, 62.0◦, 78.6◦ JCPDS # 4-835). Howeve
when the nickel precursors (acetate, nitrate) were imp
nated on SiO2 or cordierite and calcined in air at 600◦C
for 2 h, the main product detected by XRD was NiO,
gardless of the percentage weight of nickel, as indicate
Fig. 3 (a–d) andFig. 4b. In contrast,Fig. 3 (e and f) shows
that the oxidation state of nickel changed after reaction w
methane; that is, the NiO present in the catalysts Si-A
and Si-N-40 (without H2 pretreatment) was reduced to N0.
The same observation was valid for the Cor-A-8 (Fig. 4c)

after reaction with methane.

The difference in relative intensity of the carbon peak
(graphitic-type[3] 2θ = 26.1◦ (strongest), and 2θ = 42.6◦,
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Fig. 1. Changes in methane conversion during methane decomposition using B1 nickel catalysts. Experimental conditions: temperature= 550◦C,
pressure= 1 atm, and flow rate= 40 ml/min.
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Fig. 2. XRD patterns of (a) nickel acetate, and (b)

53.8◦, 77.6◦) with respect to the Ni0 peaks, between the sam
ple Si-A-40 and Si-N-40 (seeFig. 3, e and f), was higher fo
the catalyst prepared with the acetate precursor, thus
cating that a larger amount of carbon was deposited on
catalyst; that is, the catalyst Si-A-40 had higher activity
the decomposition of methane than Si-N-40 (as prepa
Fig. 5A shows the XRD pattern for the catalyst Si-A-40 a
ter complete deactivation (10-h reaction with methane).
change in relative intensity of the carbon peak with respe
the Ni0 peaks indicated that an additional amount of car
was accumulated on the catalyst as the reaction procee
Steam regeneration[3,4,11]of the catalyst was performed
with a 50% steam in He mixture at 600◦C. After the regener-
ation process, the catalyst preserved its metallic nickel form;
l nitrate, after decomposition in air at 600◦C during 2 h.

however, some NiO appeared because of overexposu
steam[4] (seeFig. 5B). Under the experimental condition
small amounts of carbon also resisted gasification. The X
pattern of the regenerated catalyst after subsequent me
decomposition at 550◦C (Fig. 5C) shows that nickel was i
metallic form (Ni0) and carbon (graphitic-type) was aga
deposited on the catalyst. The relative intensity of the
bon peak with respect to the Ni0 peaks between the fres
and regenerated catalysts (Fig. 5, A and C) suggested tha
the activity of the regenerated catalyst was similar to the
tivity of the fresh catalyst. For instance, Amiridis et al.[4]

indicated that 15 wt% Ni/SiO2 catalysts showed no signif-
icant decrease in methane conversion, even after 10 cycles
of methane decomposition–steam regeneration. The author
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Fig. 3. XRD patterns of Ni/SiO2 catalysts: (a–d) after calcination in air at 600◦C for 2 h, (e–f) after reaction with methane at 550◦C for 40 min.
Fig. 4. XRD patterns of Ni/cordierite catalyst: (a) bare cordierite monolith, (b) after calcination in air at 600◦C for 2 h, and (c) after reaction with methane at
550◦C for 17 h.
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Fig. 5. XRD patterns of catalyst Si-A-40: (A) after reaction with methan
catalyst after subsequent methane decomposition at 550◦C for 10 h.

also highlighted the presence of small amounts of carbo
ter steam regeneration; however, in increase of this typ
carbon was observed from cycle to cycle.

3.3. Mass spectrometry

Mass spectrometry analyses performed during the r
tion with catalysts Si-A-40 and Si-N-40, without reducti
pretreatment (Fig. 6, A and B), indicated the simultaneou
formation of carbon monoxide (CO,m/z = 28) and car-
bon dioxide (CO2, m/z = 44), immediately after exposur
to methane, for∼ 6 min (seeFig. 6, inset). The difference
in partial pressure of CO and CO2 between the two cata
lysts suggested that the initial amount of oxygen availa
as NiO, was lower for Si-A-40 than the amount available
Si-N-40. It is known that nickel oxide (NiO) reacts slow
with methane (at 700◦C) to produce CO2, H2O, and, even-
tually, Ni0 [25–27]. On the other hand, methane decompo
rapidly on Ni0 to produce H2 and carbon (adsorbed to th
nickel surface). Adsorbed carbon reacts with NiO to fo
CO and Ni0 [25,28]. Ni0 could also catalyze the decomp
sition of CO to produce CO2 and carbon (i.e., Boudouar
reaction) [25]. Consequently, the immediate and simul
neous formation of CO and CO2 at the beginning of the
reaction indicated the presence of Ni0 in Si-A-40 and Si-N-
40 catalysts (as prepared), but with concentration below

XRD detection limit. After the in situ reduction of nickel, the
only reaction products detected by mass spectrometry were
H2 and CH4 (i.e., carbon oxides were not detected). For in-
550C for 10 h, (B) after steam regeneration at 600◦C for 10 h, (C) regenerate

Table 2
Catalysts carbon yield and NiO mean crystallite size

Catalysta Amount of catalyst
used (g)

Mass of carbon
deposited (g)

NiO mean
crystallite size (Å)

B1 B2 B3 B1 B2 B3 B1 B2 B3

Type 1
Cor-A-8 0.59 0.61 0.60 1.13 0.63 1.68 167 125 195

Type 2
Si-A-40 0.044 0.047 0.041 1.35 1.60 1.12 182 200 160
Si-A-40b 0.040 0.040 0.040 0.87 0.93 0.98 49 56 62
Si-A-8 0.040 0.041 0.040 0.12 0.13 0.11 20 24 15

a Sample nomenclature: support–salt–wt%.
b Calcined in nitrogen at 600◦C for 2 h.

stance, Choudhary et al.[13] reported that the level of CO
formed during methane decomposition was 50 ppm w
they used 10 wt% Ni/SiO2 catalysts.

3.4. Effect of nickel oxide (NiO) mean crystallite size on
catalyst carbon yield (gC/gNi)

Table 2shows the NiO mean crystallite size estima
with the Sherrer equation, based on the half-width of
diffraction peaks assigned to [200] and [111] NiO, for t
catalyst prepared with the acetate precursor. The experi
tal results listed inTable 2suggest that the catalysts’ Ni

mean crystallite size was affected by (1) the nickel wt%,
(2) the type of gas used during calcination (air or nitrogen),
and (3) the catalyst support. The carbon yield (total mass of
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Fig. 6. Carbon monoxide (CO,m/z = 28), and carbon dioxide (CO2, m/z = 44) production monitored by mass spectrometer during decomposition of methane
at 550◦C, using samples: (A) Si-N-40 and (B) Si-A-40—without reduction pretreatment.
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Fig. 7. Effect of NiO mean crys

carbon (in grams) deposited on the catalyst after comp
deactivation, divided by catalyst nickel mass (in grams)
a common representation of the catalyst activity for dec
position of methane[7,9,10,29]. Fig. 7 shows the effect o
NiO mean crystallite size on the catalyst carbon yield.
type 2 catalysts, as the NiO mean crystallite size increa
the carbon yield of the catalysts also increased (seeFig. 7).
Calcination of sample Si-A-40, under nitrogen at 600◦C for
2 h, resulted in a catalyst with a smaller NiO mean cr
tallite size. Consequently, this catalyst had a lower car
yield, despite having 40 wt%. Ermakova et al.[7] reported
that the presence of SiO2 (10 wt% or higher) stabilized NiO
particles (with diameter< 65 nm) during reduction with H2,
and decreased sintering of the Ni0 particles being formed
The author also indicated that as the diameter of the Ni0 par-
ticle increased (10–40 nm), the carbon yield of the cata
for decomposition of methane increased as well; howe
a further increase in the size of Ni0 particles above 40 nm
resulted in a sharp decrease in carbon yield. Similarly,
experimental results shown inFig. 7for type 2 catalysts sug
gest that the presence of SiO2 stabilized the NiO particle
(diameter= 2–18 nm) and the Ni0 particles (initially in the
catalyst), minimizing the sintering during the in situ redu
tion of NiO by methane. For instance, the mean crysta
size of Ni0 particles formed in the catalyst Si-A-40 aft
reaction with methane, for 10 h, was∼ 25 nm (estimated

with the Sherrer equation based on half-width of the diffrac-
tion peaks assigned to (200), and (111) Ni0). In addition,
Fig. 7showed that the carbon yield obtained with sample Si-
size on the catalysts carbon yield.

,

A-8 was higher than the yield obtained with Cor-A-8, ev
though the NiO mean crystallite size was higher (∼ 16 nm)
for the catalyst prepared with cordierite (Cor-A-8). In th
case, the mean crystallite size of Ni0 particles formed in the
catalyst Cor-A-8 after reaction with methane, for 17 h, w
∼ 34 nm. This result suggested that cordierite could not
bilize the NiO or Ni0 particles in the same way as SiO2, and
sintering of Ni0 particles increased.

3.5. SEM and FE-SEM characterization

The micrograph of the spent Cor-A-8 catalyst (Fig. 8a)
showed a moss-like material deposited on the catalyst
face. A high-magnification micrograph revealed the pr
ence of nickel particles (∼ 30–300 nm) located at the ti
of carbon filaments (Fig. 8b). The formation of graphitic
type carbon filaments (as indicated by the increased in
sity of the XRD peak at 2θ = 26.1◦ (Fig. 4c) and FE-
SEM (Fig. 8b)) suggested that the decomposition of meth
with catalyst Cor-A-8 followed a mechanism similar to o
proposed elsewhere[3,5–8]. In particular, these authors r
ported that carbon filament formation gave the catalyst
capability of accommodating a significantly higher amo
of carbon than those predicted by either the site-blockin
pore-mouth plugging models. However, because of sp

limitations (i.e., loss of exposed nickel surface), the growth
of carbon filaments was terminated, and the catalyst was de-
activated.
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Fig. 8. (a) SEM micrograph, and (b) FE-SEM high-resolution microgra
of Cor-A-8 catalyst after reaction with methane at 550◦C for 17 h.

4. Conclusions

Based on the results obtained, the following conclusi
can be made:

(1) For the first time, the Ni0/NiO mixture obtained by ther
mal decomposition of nickel acetate has been succ
fully used for catalytic decomposition of methane
produce CO-free hydrogen suitable for hydrogen f
cells. The use of nickel acetate as a nickel precur
for the preparation of the catalysts, saves not only
drogen (our product of interest), but also time and
ergy, by eliminating the pretreatment step (i.e., us
H2 at high temperature (> 500◦C) for at least 2 h).
In this sense, the activity of the catalyst prepared w
nickel acetate (8 and 40 wt%), supported on SiO2 or
cordierite, as prepared, was very close to the acti
obtained with the catalysts prepared with nickel nitr
(pre-reduced with H2). These catalysts, once deactiva

by carbon deposition, were regenerated with steam at
600◦C. The steam regeneration produced additional H2
and preserved nickel in the metallic form.
f Catalysis 233 (2005) 317–326 325
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(2) The use of nickel acetate as the catalyst’s nickel pre
sor led to materials with a higher surface area than th
obtained when nickel nitrate was used, regardless o
type of support (SiO2 or cordierite).

(3) The NiO mean crystallite size could be varied by
change in (1) the nickel percentage weight, (2) the t
of gas used during calcination (air or nitrogen), a
(3) the catalyst support.

(4) For catalyst supported on SiO2 (∼ 200–300 m2/g), the
carbon yield (gC/gNi) attained during methane decom
position increased with an increase in the catalyst’s N
mean crystallite size. SiO2 stabilized NiO particles (1.5–
20 nm) during in situ reduction by methane and mi
mized sintering of Ni0 particles. In contrast, cordierit
could not stabilize the NiO or Ni0 particles in the sam
way as SiO2, and significant sintering of Ni0 particles
occurred.
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