CHAPTER VII
NAPHTHALENE STEAM REFORMING OVER Mn-DOPED Ce02Zr02
SUPPORTED NICKEL CATALYSTS*

7.1 Abstract

In this study, the catalytic activity of nickel supported on ceo.7szro.25-
M2 (x = 0, 0.10, 0.20 and 0.25) mixed oxide catalysts prepared by urea
hydrolysis and incipient wetness impregnation was investigated for steam reforming
of naphthalene selected as a model compound for biomass-derived tar. The results
showed that nickel supported on Ceo %Zro25-xMm{ 2 mixed oxide catalysts exhibit
good activity for naphthalene steam reforming. It was found that the amount of
carbon deposition reduced substantially when Mn was introduced to the Ce02-Zr02
mixed oxide. This might be due to the fact that the incorporation of manganese ions
into the ceria lattice would improve the oxygen storage capacity and the oxygen
mobility on the surface of mixed oxides, resulting in enhancing the gasification of
the deposited carbon.

7.2 Introduction

Biomass gasification is a promising technology for producing CO- and H2
rich gases to be used for methanol or Fischer-Tropsch synthesis, chemical production
or electricity generation (turbines, gas engines, or fuel cells). However, the presence
of heavy organic impurities in the flue gas, i.e. tar, is the main technical barrier in the
development of biomass gasification processes (Sutton et ai, 2001; Zhang et al.,
2004). Since tar is a complex mixture of heavy aromatics, it often causes various
difficulties to the processing equipment, for instance, condensation or formation of
aerosols. Moreover, tar is considered dangerous as a carcinogenic and possibly
mutagenic substance (Abu EI-Rub et al., 2004). Hence, the tar removal isa key issue

*Published in in Applied Catalysis A: General., (2009) In press.
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for downstream applications. In general, the amount of tar produced from updraft,
fluidized bed and downdraft gasifiers is about 100, 10 and 1g Nnf3 respectively. A
typical composition of biomass gasification tar is presented in Table 7.1 (Milne et
al, 1998). Of all hiomass gasification tar, naphthalene is one of the most stable tar
compounds and is thus difficult to decompose (Jess et al, 1996; Coll et al., 2001;
Devi et al, 2005). Hence, naphfhalene was considered as a model tar compound for
the investigation of biomass-derived tar reforming.

Table 7.1. Typical composition of biomass gasification (Milne et al, 1998)

Compound Percentage weight
Benzene 319
Toluene 143
Other one-ring aromatic hydrocarbons 139
Naphthalene 9.6
Other two-ring aromatic hydrocarbons 18
Three-ring aromatic hydrocarbons 36
Four-ring aromatic hydrocarbons 0.8
Phenolic compounds 4.6
Heterocyclic compounds 6.5
Others 10

Catalytic hot gas conditioning processes have been widely investigated as
an attractive means for the tar elimination. These possess the potential to reduce the
tar content in product gas as well as to improve the product gas composition. A
number of catalysts containing noble and transition metals (e.g., Cr, Co and Ni) were
employed for tar elimination (Tomishige et al, 2004; Milne et al, 1998). With the
low cost, sufficiently high tar destruction activity along with the added advantages on
the reforming of light hydrocarbons, Ni-based catalysts were intensively employed
for such applications (Devi et al, 2003; Magrini-Bair et al, 2007). However, the
major problem occurring with a Ni-based catalyst is its fast deactivation due to
carbon deposition and/or metal sintering (Garcia et al, 2000; Baker et al, 1987). To
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overcome the problem, researchers have reported different supports such as
dolomite, olivine, MgO and MgO-Ca0 (Sato et al., 2007; Swierczynski et al., 2007;
Miyazawa et al., 2006; Srinakruang et al., 2006). Yet, CeOx-ZrOx mixed oxides
exhibited a superior resistance to carbon formation due to the high oxygen vacancy
and oxygen mobility (Chen et al., 2008; Pengpanich et al., 2004).

Recently, it has been reported that the introduction of triple-charged ions,
Mn in particular, can improve the oxygen vacancy number and the mobility of ceria-
based mixed oxides (Jia et al., 2008; et ai, 2007). Such improvements would
result in the reduction of coke formed on such mixed oxides. This leads vs to
investigate the effect of doping manganese on the steam reforming catalytic activity
of naphthalene as a tar compound model over nickel supported on Ceo.7sZr0.s-
xMm0 2 (x = 0, 0.10, 0.20 and 0.25) mixed oxide catalysts.

1.3 Experimental

1.3.1 Catalyst Preparation

A series of mixed oxide supports Ceo 7iZro 25-xMn 2(x = 0, 0.10, 0.20
and 0.25) were prepared via urea hydrolysis. Ce(Nos)s'sHz0, Zro Cl2'sHz0 and
Mn(Nos)2'aHz0 were used as sources of Ce, Zr and Mn, respectively. The starting
solution was prepared by mixing 0.1 M of metal salt solutions with 0.4 M of urea
solution at a 2 to 1 volumetric ratio. The ratio between the metal salts was altered
depending on the desired concentration: Ceo.75Zr0.25-xMn0) 2 in which x = 0, 0.10,
0.20 and 0.25. The synthesis procedures of catalysts have been reported elsewhere
(Pengpanich et al., 2002). Supported Ni catalysts (Ni = 15 wt%) were prepared by
the incipient wetness impregnation method with Ni(NC>s)2 solution. The as-prepared
samples were dried and calcined at 500 °c for 4 h,

1.3.2 Catalyst Characterization
An X-ray diffractometer (Rigaku) equipped with a RINT 2000 wide-

angle goniometer using Cu Ka radiation and a power of 40 kv x 40 mA was used
for examination of the crystalline structure. The intensity data were collected at 25
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°c over a 29range of 20-90° with a scan speed of 5° (29) min-1 and a scan step of
0.02° (20.

Hydrogen temperature-programmed reduction (H2-TPR) experiments
were carried out with a Micromeritics TPDATPR 2900 apparatus equipped with a
TCD detector. Prior to the reduction experiments, the sample, about 30 mg, was
thermally treated under a helium stream at 100 °c to remove moisture. TPR profiles
were attained by heating the samples under a 10% H2Ar flow (50 ml min') from 30
°C 10 900 °c at a linearly programmed rate of 10 °c min'L

The specific surface areas of the catalysts were determined by the
Brunauer-Emmett-Teller (BET) method using a Quantachrome Corp. Autosorb.
Prior to the analysis, the sample was outgassed to eliminate volatile adsorbents on
the surface at 250 °C for 24 h.

The dispersion degree of nickel was measured by H2-pulse
chemisorption at 50 °c using an Ar flow of 50 ml min-1and individual pulse of 0.1
ml (10% H2 in Ar). For measurements, about 100 mg of sample was placed in a
quartz reactor. Prior to the pulse chemisorption, the sample was reduced at 500 °c
under Hz atmosphere for 1h. Then the sample was purged with Ar at 500 °c for 30
min and cooled to 50 °C in Bowing Ar. The H2 pulses were continued with an
injection interval of e-s min until the areas of successive hydrogen peaks were
identical. The nickel dispersion was calculated assuming the adsorption
stoichiometry of one hydrogen atom per nickel surface atom.

The amount of carbon deposited on the spent catalysts was
quantitatively determined by temperature-programmed oxidation (TPO) technique,
which was carried out ina homemade TPO micro-reactor analyzer coupled with an
FID detector. Typically, a 30 mg sample was heated from room temperature in
flowing 2% 0 2He at a heating rate of 10 °c min 1to 900 °c.

The morphology of carbon deposition on the spent catalysts was
observed hy transmission electron microscopy (TEM) using a JEOL (JEM-2010)
transmission electron microscope operated at 200 kV. The sample was dispersed in
absolute ethanol ultrasonically, and the solutions were then dropped on copper grids
coated with a lacey carbon film.
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1.3.3 Catalyst Activity Tests

Catalytic activity tests for the steam reforming of naphthalene were
conducted using the atmospheric flow experimental system shown in Figure 7.1, A
fixed-bed quartz tube microreactor (i.d. 0 & mm) was used. Typically, ca. 100 mg of
catalyst sample was packed between the layers of quartz wool. The reactor was
placed in an electric furnace equipped with K-type thermocouples. The catalyst bed
temperature was monitored and controlled by Shinko temperature controllers. Before
the activity test, the catalyst was reduced at 500 °c for 2 h in flowing 50% Ha/He.
After the reduction, the feed gas (cioHs/rBo/He = 0.15 mol%/3 mol%/balance) was
allowed to pass through the catalyst hed at a rate of 100 ml min-1 (GHSV = 20,000 h'
). Measurements were carried out at a furnace temperature of 700°c. The product
gases were chromatographically analyzed using a Shimadzu GC sA equipped with a
CTR I (Altech) column and a TCD detector and a Shimadzu GC 17A equipped with
a HP-1 (Agilent technologies) column and an FID detector. The naphthalene
conversion (XcXHB), selectivities of carbon containing products (Sj) and the

hydrogen yield ( YH2) in this work were calculated as follows:

xc H (40)=[C°Jout + [CO 2]out+ [CH4]out x 100 (7.1)
°'0 8 10[C10H 8]

Sco (%)= éCO}- x 100 (7.2)
[COJout + [CO 2lout + [CH4]ou(

Sco?(%)= [C°2]]out x 100 (7.3)
2 [COJout + [CO2]0m+ [CH4]out

CH (%) - [CH4]0ut x 100 (7.4)
4 [COJout + [C02]out + [CH4]out

Yh (%)= H"out X100 (7.5)

2 24[C 10H 8]

where [c10Hg] is the concentration of naphthalene entering the reactor, and [CO]Jout,
[C02] , [CH4] and [H2]au are the concentrations of carbon monoxide, carbon
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dioxide, methane, and hydrogen leaving the reactor, respectively. N2 was particularly
used as an internal standard for chromatographic analyses.
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Figure 7.1 Schematic diagram of the experimental setup for naphthalene steam
reforming.

7.4 Results and Discussion

74.1 Catalyst Characterization
7411 XRD Analysis

The X-ray diffraction (XRD) npatterns of different
Ceo.752r0.25-xMm2 mixed oxide catalysts impregnated with 15% Ni (Ni/Ce075Zr0.2s.
¥Mnxo2) are presented in Figure 7.2. It was found that Ni/Ceo.75Zr0.25-xMnx)2
catalysts exhibit major peaks at about 29°, 33°, 47°, and 58° (26) indicating the cubic
fluorite structure of CeC>2. Several small peaks characteristic of NiO are observed at
about 37°, 43°and 62° (26). No peak of either zirconia or manganese oxides is
observed indicating that all zirconium cations and manganese cations dissolve in the
ceria lattice. The results are similar to those reported elsewhere (Jia et al., 2008;
Machida et al., 2000; Qi et al., 2004). This might be because the ionic radii of Zré
(8.4 nm), Mn4+ (5.6 nm) and Mn3t (6.2 nm) are smaller than that of Ced+ (9.7 nm),
therefore, dissolution in the ceria lattice would be possible at low doping
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concentrations for both Zr and Mn. In addition, the diffraction peaks for
Ni/Ceo.75Zr0.25-xMnX)2 catalysts corresponding to a (111) crystallographic plane were
enlarged and compared with that for pure CeCx2 as shown in the inset of Fig. 7.2. It
was observed that the peaks for Ni/Ceo7sZrozs-\MnxOz2 catalysts relatively shift to a
higher value as compared with that for pure CeC>, suggesting the Zr and Mn cations
are incorporated into ceria lattice. Nonetheless, it was reported that tife presence of
Mn20s or MnaUa was observed at high doping of Mn (Mn/(Mn+Ce) ratio > 0.75)
(Machida et al., 2000; et al., 2006; Qi etal., 2004; Blanco et al., 2004). Since the
Mn/(Mn+Ce) ratios determined in this study were less than 0.75, we postulate that
manganese cations would dissolve in the ceria lattice for the prepared Ni/Ceo 75210 -
XMnxo2 catalysts.

14.1.2 BET Surface Area and Metal Dispersion

Table 7.2 summarizes the BET surface areas, pore volumes
and average pore diameters of NifCeo.752r0.25-xMnx02 and Ni/a-AECh catalysts. It
can be seen that the BET surface areas of Ni/Ceo 7=Zrozs-xMmGs catalysts are in the
range of 62-72 in2¢r1 with average pore diameters of 6.3-7.9 nm. It should be noted
that the BET surface areas of catalysts slightly decrease with increasing Mn content,
except for Ni/Ceo.sMnozso2 catalyst. This result is in good agreement with that
observed by Blanco et al. (Blanco et al., 2004) indicating the relevance to the
formation of the large particles of MnOX.

The M dispersion degrees for Ni/Ceo.75Zr0.25-\Mnx)2
catalysts are higher than that for Ni/a-Alos catalyst (Table 7.3) suggesting that Ni
particles are more highly dispersed on the Ceo7sZro 25-xMm02 supports. However,
such Ni dispersion degrees decrease with increasing Mn content. This result appears
to be related with crystallite sizes obtained from XRD results, in which the Ni
crystallite size was increased with increasing Mn loading.
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. Figure 7.2 X-ray diffraction patterns for 15% Ni/Ceo.752r0.25xMnx02 mixed oxide
catalysts with the aging time of 50 h, and calcined at 500 °c. The enlarged (111)
crystal planes of both CeCszand the others are presented in the inset,
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Table 7.2 Textural properties of Ni-supported catalysts as measured by N2
adsorption-desorption isotherms at -196 °c

BETsurface  Total pore  Average pore

Catalyst area volume diameter
mg)  Cmg) ()
15%Ni/a-Al2 3 55 0.03 182
15% NiCeo752r0.25C>2 2 0.1 7.0
15% Ni/Ce0.75Zr0.1sMno.1002 6/ 0.12 6.3
15% Ni/Ce0 75ZrocsMno2002 62 0.13 19
15% Ni/Ce0 75Mno.2502 2 0.12 6.4

Table 7.3 Degrees of Ni dispersion and Ni crystallite sizes of the Ni-supported
catalysts

h2 Ni dispersion  Ni crystallite
Catalyst consumption (%) . size
(pmol geat’) (nm)
15%Ni/a-Al2) 3 6.1 0.47 39
15% NiZCe0.75210.2502 36.7 2.88 22
15% Ni/Ce0.7Zr0.15Mno. 1002 186 146 26
15% Ni/Ce0.75210,08Mn0.200 2 15.2 1.19 30

15% Ni/Ce0.7sMn0.2502 125 098 3
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54.1.3 HZTPR

Figure 7.3 shows the H2TPR profiles of the CeosZro 2
¥Mnx0 2 mixed oxides. The Ceo.nsZr0.2502 sample (x = 0) exhibits two distinct Hz
consumption peaks that show maxima at ca. 570 and 960 °C. The former was the
reduction of surface oxygen, whereas the latter was the reduction of bulk oxygen
(Pengpanich et al, 2004). However, two similar peaks were observed for the
Ce0.75Zr0.15Mn0.1002 sample at ca. 510 and 940 °C, respectively. The decrease in
reduction temperature resulting from the Mn incorporation suggests that manganese
cations dissolve in the ceria lattice. Yet, as Mn loading was further increased, one
could observe the shoulder reduction peak at ca. 270-350 °C attributed to the readily
reducible small cluster surface manganese species, i.., the reduction of Mn02 to
Mn2o3- The peaks appearing in the two temperature ranges of 350-420 °C and 420-
510 °c were ascribed to the reduction of Mno 2Mn203 to Mnala and of Mna04 to
MnO, respectively ( etal., 2007; Tang et al., 2006). However, it should be noted
that, in this work, MnOxwas not detected hy means of XRD, as discussed above.

Interestingly, the reduction temperature of surface oxygen
of cerium oxide was shifted to a lower temperature of ca. 60 °C when Mn was
incorporated into the mixed oxides. This suggests that the reducibility of cerium
oxide is promoted probably due to the formation of solid solution between the
manganese and cerium oxides resulting in the enhancement of oxygen mobility.

Figure 7.4 depicts the HZ-TPR profiles for Ni/Ceo.ysZrozs-
¥Mm0 2 and Nifa-Alos catalysts. Two Hz consumption peaks are clearly observed
for Ni/Ceo75Zr0.25-xMnX) 2 catalysts as compared with that for Ni/a-AhCh catalyst.
The low temperature peak in the range of 230-350 °C can be associated with the
reduction of free NiO particles and the other peak in the range of 350-550 °C can be
ascribed to the reduction of complex NiO species in intimate contact with the oxide
support (Pengpanich et al., 2004; Roll et al., 2002). This might be due to the fact that
interaction between Ni and CeozsZro 25-xMn 2 supports makes the catalysts more
reducible, which probably helps produce mobile oxygen during the reforming
reaction. In addition, it should be noticed that the second peak reduction temperature
of Ni/CeozsMnozsoz catalyst is shifted to lower values than those of Ni/Ceo.sZr0.5
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XMnxo2 catalysts, indicating its more reducibility. For the Ni/cc-AnQs catalyst, only a
broad peak attributed to agglomerated Ni is observed at 510 °c.

14.2 Catalytic Activities for Naphthalene Steam Reforming

Table 7.4 summarizes the catalytic activity of Ceo7sZroZxMnx02
supports for naphthalene steam reforming. The naphthalene conversion was slightly
increased from 15.4 to 19.2% with increasing Mn content. Moreover, CO2 selectivity
and 2 yield were also increased in a similar manner. This might be because the
incorporation of Mn promotes the water-gas shift (WGS) reaction (Panagiotopoulou
et ai, 2007; Du et al., 2008). Therefore, it can be pointed out that the CeorsZro.s-
¥Mnxo2 supports themselves provide the catalytic activity for the steam reforming of
naphthalene.

Table 7.5 presents the selectivities of carbon containing products,
hydrogen yield, and HJCO molar ratio for naphthalene steam reforming over
Ni/Ce0 7sZro2s-xMnxC catalysts. It was found that the steam reforming products are
mainly CO, COzand 2 for the Ni/CeozZrozs¥Vinx02 (x = 0.10, 0.20 and 0.25) with
H2CO ratios of 2.3-2.6 while those over the Ni/Ceo7Zr0202 are CO, CO2, Hz, and
a trace of CHa with a H2CO ratio of 1.8 Since the increases in both CO2 selectivity
and H2/CO ratio are observed for the Mn-containing catalysts, such phenomena
conform to the existence of the WGS reaction over the Ni/Ceo.7Zr0 5-xXMn(02 (x =
0.10, 0.20 and 0.25) mixed oxide catalysts.
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Figure 7.3 Hz-TPR profiles of the Ceo 7sZr0 2s-xMmCGz mixed oxide samples. *
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Table 7.4 Naphthalene steam reforming activity of Ceo.75Zr0.25-xMh) 2supports
(reaction temperature = 700 °C; time on stream = 6 h; s/¢ ratio = 2.0)

Catalyst

Ce0.7510.2502
Ceozsro1sMnoo02
Ceors/ro.10Mno.s02
Ce0.75Mn0.2502

X
(%)
154
160
174
192

Sco
(%)
12.1
67.2
61.3
314

Sco2
(%)
21.2
32.1
38.5
62.3

SCH4

(%)
0.1
0.1
0.2

0.3

YH:
(%)
1.2

10.6

124
233

Table 7.5 Naphthalene steam reforming activity of Ni/Ceo7Zro Z»xMm02 catalysts
(reaction temperature = 700 °C; time on stream =6 h; S/C ratio =2.0; naphthalene

conversion = 1)

Catalyst

15% NiZCe0.75210.2502
15% Ni/Ce0.7sZr0.1sMn0.1002
15% Ni/Ce0.7Zr0.ioMno.Is02
15% Ni/Ce0.75Mn0.2s02

Sco
(%)
97.6
80.0
4.3
155

5C0°2
(%)
2.2
20.0

25.1
245

schi

(%)
0.2
0
0
0

Yh2
(%)
72.9
154
76.3
16.3

H2/CO
ratio

1.8

2.3
24

2.6
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143 Effect of the Steam-to-Carbon Ratio

The influence of the steam-to-carbon (S/C) ratio on the catalytic
activity of Ni/Ce0.752r0.25C>2 and Ni/Ce0,75Zr0.i5Mno 1002 catalysts was investigated by
varying the S/C ratios from 2.0 to 5.0 at 700 °C. The naphthalene was completely
converted when employing both catalysts regardless of the S/C ratio. As observed in
Figure 7.5, the H2yield for the Ni/Ceo 75Zr0 isMno 1002 is slightly higher than that for
the Ni/Ce075Zr0 2102 at a given S/C ratio due to the influence of doping Mn into the
ceria lattice on the WGS reaction. The high amounts of FT and CO2 were produced at
high SIC ratios via the WGS reaction since a high steam partial pressure pushes the
WGS equilibrium towards the 2 and CO2 formation. It is evident that the 2 yield
attained experimentally from the Ni/Ce075Zr0.i5Mn0.i002 catalyst seems to reach the
equilibrium value because of the pronounced effect of WGS reactions.

744 Carbon Formation

The catalytic activities and stabilities of Ni/Ceo.™ZroBxMnx) 2
catalysts for steam reforming of naphthalene were compared with those of Ni/a-
AI203 catalyst. It was found that the complete naphthalene conversions of
Ni/Ceo 75Zro HxMnx0 2 (x = 0, 0.10, 0.20, 0.25) catalysts remained unchanged for at
least 6 h on stream whereas a rapid deactivation was observed for Nifa-A1203
catalyst after 2 h on stream as shown in Figure 7.6. This suggests that the
Ni/Ce0 75Zr025-xMnx02 catalysts are rather highly active and are stable for the steam
reforming of naphthalene. The synergetic effect of an ease of reducibility and a good
oxidation ability of the Ce0752r025-xMnx02 supports appears to play a role in
promoting the oxidation of carbon precursors on the nickel surface.
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Figure 7.5 Effect of S/C ratio on the selectivities of carbon containing products and

hydrogen yield over: (A) 15%Ni/Ceo75Zr02s02, (B) 15% Ni/Ceo75Zro isMno 1002
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Figure 7.7 shows the TPO profiles for the spent NifCeo.752r0.25-xMnx)2
and Ni/a-Alos catalysts after being exposed to the naphthalene steam reforming at
700 °c for 6 h on stream. The two types of carbon formation on the spent
Ni/Ceo 7102502 and Ni/a-AFQj catalysts are identical in nature according to the
profiles at low and high temperatures. The small peak at a lower temperature of ca.
325 °c was attributed to the carbidic carbon and the other peak at a higher
temperature of ca. 680 °c corresponded to the filamentous carbon (Swierczynski et
al., 2007; Vargas et al., 2005). However, it is worth noting that the high temperature
peaks seem to disappear from those of the spent Mn containing catalysts. The
amounts of carbon deposited on the spent catalysts determined as summarized in
Table 7.6 indicate that the Mn-doped catalysts, Ni/Ce0.mz02xMm02 (x = 0.10,
0.20, 0.25), possess much lower amounts of carbon formed (ca. 1. £ 0.3 mg geat") as
compared to the amounts formed on the Ni/a-AECE and Ni/Ceo.7sZr0.2502 catalysts
(634 and 26.7 mg gea’l respectively). The results conform to the TEM images
illustrated in Figure 7.8. The spent Ni/a-Alaos and Ni/ Ceo.Zr0.50 catalysts are
fully covered with filamentous carbon (Figure 7.8 (A) and 7.8 (B)), whereas no such
carbon is observed on the Ni/Ceo7jZro lsMnojioo2 catalyst (Figure 7.8 (C)). We
believe that the modification of Ni/Ceo2-ZrCs catalysts with Mn incorporation helps
prevent the carbon deposition by promoting the surface carbon gasification and/or
WGS reaction.

Table 7.6 Total amounts of carbon deposited on catalysts via the naphthalene steam
reforming; after e h on stream, at 700 °c and s/c ratio of 2.0

Catalyst Carbon formation (mg g(ﬁ'["])
15% N i/a-A 120 3 63.4
15% Niceo.75zro.25¢>2 26.7
15% Ni/Ceo.75Zr0.i5Mno.ioC>2 08
15% Ni/Ceo,752r0.05Mn0.2002 12

15% Ni/Ceo0.75Mno,2502 1.4
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Figure 7.8 TEM triages of the spent catalysts: (A) 15% Ni/a-Al203 (B) 15%
Ni/Ce0.7210.2502, (C) 15% NifCe0.7sZr0 isMno 1002.
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7.5 Conclusions

The Ni/CeorsZrozxMnxGe (x= 0, 0.10, 0.20, and 0.25) mixed oxide
catalysts exhibit high activities and stabilities for naphthalene steam reforming. The
incorporation of Mn into ceo.75zr0.2502 Mixed oxide is able to modify the redox
properties of the mixed oxide Support, resulting in the improvement of catalytic
properties of the Ni/Ceo 7sZro2io2 catalyst. Furthermore, the presence of Mn in the
catalysts studied results in the dramatic decrease in carbon deposition due to the
reduction of filamentous carbon by retarding the solubility of carbon in Ni particles
as Well as by promoting the oxidation of intermediates or precursor of deposited
carbon,
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