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Abstract

The characteristics of carbon nanofibers generated during ethylene decomposition over supported nickel can be readily manipulate
by a judicious choice of the support material. The occurrence and ramifications of Ni/support interaction(s), in terms of Ni particle
size/morphology/orientation, are considered and related to the carbon structure/dimensions and yig¢ld%AWw/w Ni loading was
achieved by standard impregnation of $j@l,03, MgO, Ta0Os, activated carbon (AC), and graphite: the reduced catalysts have been
characterized by plchemisorption, CO chemisorption/temperature-programmed desorption (TPD), and high-resolution transmission elec-
tron microscopy (HRTEM). The reaction of ethylene with hydrogen over these catalysts also generated ethane via hydrogenation, a step th:
was favored over Ni/AlO3 and Ni/MgO. Carbon yield (wher& < 800 K) increased in the sequence Nig@g ~ Ni/MgO < Ni/AC <
Ni/graphite< Ni/TapOg < Ni/SiO»; at higher temperatures-(850 K), Ni/AC and Ni/graphite delivered the highest yields. With the excep-
tion of Ni/graphite and Ni/TgOs, which produced helical and highly curved fibers, the other supported Ni catalysts generated a relatively
straight (limited curvature) fibrous growth. The occurrence of Ni fragmentation and secondary fiber growth from such fragments is illustrated
and discussed. The influence of Eontent in the feed was investigated with respect to both carbon yield and structure; an increased H
tent served to enhance fiber structural order. Temperature-programmed oxidation studies have been used to probe the graphitic nature of t
carbon product; the results are consistent with HRTEM analysis.
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1. Introduction The impact on chemisorption also extends to Fe, Ni, and
Co but the consensus of opinion is that higher reduction

Modification to the properties of supported metals temperatures are needed to induce “strong metal/support
through the choice of substrate is not a new concept. As interactions” (SMSI) with these metals [9-11]. Since the pi-
early as the 1930s it was recognized that the presence ofoneering work on SMSI dating from the late 1970s [8,12],
highly charged cations on an oxide surface altered the cata-the use of supports to induce changes in the catalytic behav-
lytic properties of supported metals [1]. The use of a sup- ior of dispersed metals has been the subject of a number of
port to disperse a chosen metal is not only of economic reports [4,6,7,13,14].
benefit (lower preparation costs/longer productive lifetime)  The generation of ordered carbonaceous structures (ful-
but the substrate can also influence catalyst performancderenes, nanotubes, and nanofibers) is a burgeoning area of
through electronic interaction(s), spillover, and migration catalysis research [15—-20]. The unique chemical and physi-
effects [2-5]. Electronic perturbation is most aptly demon- cal properties associated with carbon nanofibers, the focus of
strated in the case of Tig}6,7], leading to dramatic changes this study, can be put to good effect in diverse applications,
in the chemisorptive capacity of Pt, Rh, Pd, and Ir [8]. i.e., as catalyst supports [13,16,21-23], polymer reinforce-

ment agents [24], fuel cell electrodes [25], adsorbents [26],
 r— _ and in energy storage [18]. Carbon nanofibers can be read-

Eﬂ:ﬁgﬁgﬁggiﬁ:ﬁ[n e@engr.uky.cdu (MA. Keane) ily generated from mono- and bimetallic catalysts via the

1 Current address: Synetix, P.O. Box 1, Belasis Avenue, Bilingham, decomposition (723 K 7' < 923 K) of a range of carbon-
Cleveland, TS23 1LB, UK. containing compounds [16,20,27,28]. There is ample evi-
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dence to show that the dimensions/lattice orientations of theadded dropwise at 353 K to the substrate with constant ag-
carbon product are governed by the dimensions/electronicitation (500 rpm). Aqueous solutions were not used as the
structure of the catalytic metal particles [16,29]. Use of non- carbon support materials are hydrophobic, leading to diffi-
supported metal(s) can generate significant carbon yields (upculties with surface wetting that can impact on the ultimate
to 250 @/dcar) but there is little or no control over the metal dispersion [22,26,41]. The Ni content was determined
diameter of the nanofiber [16,20,28]. One way to address (to within +3%) by atomic absorption spectrophotometry
this failing is through the use of supported catalysts bearing (VarianSpectra AA-10); the samples were digested in HF
smaller metal particles that promote the growth of narrower (37% conc.) overnight at ambient temperature. The cata-
and more uniformly sized fibers [30,31]. A drawback to this lyst precursors were subsequently dried at 383 K, calcined
approach has been the relatively low yields of carbon (up (10 K/min) in air at 623 K, cooled to ambient temperature,
to 2 gc/dcar) that have been typically produced [31-35]. It and heated (10 Kmin) to the ultimate reaction temperature
should, however, be noted that Avdeeva and co-workers, us-in 20% v/v Hy/He. Samples for off-line TEM analysis were
ing coprecipitated Ni—alumina, have recorded carbon yields cooled (in He) and passivated in a 2%n0>/He mixture at
(up to 250 @/dca) Similar to those generated by metallic room temperature.
powders [36,37]. H, and CO chemisorption were employed to character-
In a recent study [30], we evaluated the application of Ni ize the supported Ni sites where the catalyst was cooled,
supported on Y zeolite and silica for the controlled growth following the reduction step, to 298 K in dry He and a
of ordered carbon nanofibers. While carbon production was fixed volume (10 pl) of K or CO pulsed into the He car-
limited by the interconnecting microporous network of the rier gas stream; the concentration of br CO exiting the
zeolite, the carbon morphology/structure was similar for reactor was measured using an on-line thermal conductiv-
both Ni/zeolite and Ni/Si@, albeit a sharper distribution of ity detector (TCD). The injections were repeated until the
narrower fibers was generated from the Ni-impregnated ze-downstream peak area was constant, indicating surface sat-
olite. A search through the literature has failed to unearth a uration. A subsequent series of calibration peaks were taken
comprehensive examination of the role of the support in car- at ambient temperature to quantify idr CO uptake; repro-
bon growth from Ni. The published studies have largely been ducibility was better thant3%. The CO-loaded catalysts
focused on the use of S§OAI»O3, and graphite to supporta  were thoroughly flushed with dry He for 1 h and ramped
variety of metals [24,31-36,38,39]. In this paper, we exam- (TPD at 25 K/min) to 1073 K with continual monitoring of
ine the role that Ni/support interaction(s) can play in the ca- the exiting gas; data acquisition and analysis were performed
talytic decomposition of ethylene to carbon. An intentional using the JCL 6000 (for Windows) software package. The
inducement of electronic perturbations in the dispersed Ni bed temperature was continuously monitored by means of
by varying the nature of the support should impact on carbon a data logging system (Pico Technology, Model TC-08) to
fiber dimensions and/or morphology and/or lattice structure; give an accurate measure of the desorption temperature. Ni-
control of such effects is the premise on which this work trogen BET surface area measurements were carried out at
is based. We have considered an array of substrates, rang#7 K (Autosorb-1-C, Quantachrome) on freshly reduced ca-
ing from a basic MgO to conventional AD3 and SiQ, as talysts.
well as TaOs, a highly refractive oxide that exhibits many
of the qualities of TiQ [12,40]. The use of graphite, a ma- 2.2. Catalytic carbon growth procedure/carbon
terial known [38] to induce SMSI, and a high surface area characterization
activated carbon (AC) with little or no metal/support inter-
action have also been investigated. All catalytic reactions were carried out under atmospheric
pressure, in situ following the activation step (and a 1 h
He flush), in a fixed-bed silica reactor over the temperature
2. Experimental range 673-898 K. The reaction temperature was monitored
continuously by a thermocouple inserted in a thermowell
2.1. Catalyst preparation, activation, and characterization within the catalyst bed; catalyst temperature was constant to
within +2 K. The catalytic measurements were conducted
The SiQ (fumed), AbO3, TaOs, and MgO substrates  whereW/Q = 0.5-2x 102 g/(cm®h~1): W = weight of
were supplied by Sigma-Aldrich and used as received. activated catalystQ = inlet volumetric GH4 feed rate. The
The activated carbon (G-60, 100 mesh) was obtained fromoverall gas hourly space velocity (GHSV) was maintained
NORIT (UK) and the graphite (synthetic 1-2 um powder) at a constant 11,300# with a GHz/H> molar ratio in the
from Sigma-Aldrich. Both carbonaceous materials under- range ¥4 to 4/1. One set of reaction conditions was cho-
went a demineralization (continuous agitationin 1 M HNO  sen to assess the performance of each catalysty G, =
for up to 7 days) to remove any residual metal impurities that 4/1 v/v; T = 773 K; t = 1 h. The effluent gas was ana-
could contribute to the catalytic step. The Ni-loadee-(1% lyzed by on-line capillary chromatography using an Al Cam-
w/w) samples were prepared by standard incipient wetnessbridge GC94 chromatograph equipped with a split/splitless
impregnation where a 2-butanolic Ni(N? solution was injector and a flame ionization detector, employing a DB-1
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50 mx 0.20 mm i.d., 0.33 um capillary column (J&W Sci- Table 1
entific). The gaseous stream was sampled at regular intervald\ickel loading, surface-weighted average Ni particle size based on CO
by means of a heated gas-sampling valve and all intercon-c"emisorption dco), Ha chemisorption d) and TEM giTem) measure-

. . LS ments, the characteristic CO TFlhax values and BET surface areas asso-
necting tubing was maintained at elevated temperatures. Th€;aieq with the six activated supported Ni catalysts

catalyst was contacted with thelds/H2 mixture for 1 h

to achieve a uniform carbon growth with no appreciable <" (;: )' Zlncn?) T?l‘("")x (‘:;1) d(TnEn':') B:Zas?é;"’;‘;e
pressure deviations/flow disruption. Preliminary studies [30] Ni/SIO 7 163 e 52 96 203
established that this reaction time generated a representa/ai, 0, 6 121 8781013 54 57 120
tive carbon growth that could be linked to catalyst structural Ni/AC 6 281 716,948, 258 234 904
characteristics in a meaningful way. The reactor was subse- , 1098

quently cooled to ambient temperature and the sample passi-m:;gggh'te R R i s I
vated in a 2% yv Oz/He mixture before any weight changes,  yjra,05 7 e84 703848 130 152 8

O,'“e to Carb-on deposition, was determined. Re_peatEd (up to1’he Tmax values associated with the principal desorption peaks are given in
five) catalytic runs generated product compositions that were o4 font.

reproducible to better thatt7%. The yield of solid carbon

(Yc) was calculated using the following expression 3. Results and discussion

_ (C2Ha)input — (CHg/2+ CoHa + CaoHe)output 3.1. Characterization of the activated catalysts

Yc
(CZH4)input

The Niloading, TEM, and CO/kchemisorption derived
and is expressed in this paper as gram C per gram catalystnean Ni particle diameters and BET surface areas for the
(or Ni). The selectivity in terms of (say) ethane is given by  six activated catalysts are recorded in Table 1; representa-
tive TEM images are provided in Fig. 1. The size distrib-
ution and morphology of the supported Ni particles (at a
x 100 common Ni loading) are inherent features of the interfa-
cial energies associated with each system [42]. Selected area

Temperature-programmed oxidation (TPO) profiles of electron diffraction (SAED) confirmed that the Ni distrib-

the catalytically generated carbon were obtained from thor- utetd over e?gh slgpport Wis tpresrz]gn; n thel rpeta_:_lgl\;qrm and
oughly washed, demineralized samples to avoid any possibleno as an oxige. kepresentative nigh-resoiution 'mages

catalyzed gasification of carbon by residual Ni. A known are provided in the inset to Fig. 1 that illustrates the lattice

mass (ca. 100 mg) of a demineralized sample was rampecf 201 K EERERE Pe SCCAR T o L eposit
(25 K/min) from room temperature to 1198 K in a 5%w gep P

. . . ) ing the metal, which irect con n is present
O2/He mixture with on-line TCD analysis of the exhaust g the meta’, ch, as a direct consequence, is prese

“th talvst bed t i i ind dentl in the form of large particles (up to 80 nm) at this load-
gas, the catalyst bed lemperalure was again independen ¥ng [43]. Nevertheless, these patrticles can be seen in Fig. 1a

monitored using the TC-08 data logger. These profiles Were s possess well-defined geometrical shapes, diagnostic of

compared against those generated for conventional derT‘"’]er'metal—graphite interaction [42]. Nickel particle-size distri-

alized carbon systemg, i.e., the graphite and amorphousocarbutions, derived from the TEM analysis, are presented in the
bon that served as Ni supports. All gasses (He (99.99 /")’histograms given in Fig. 2. It is immediately evident that

C2H4 (99.95%), H (99.99%), and 5% v Oz/He (99.9%))  \jj supported on either carbonaceous (graphite or activated
were dried by passage through activated molecular sieves begaron) substrate exhibits a significantly wider size distri-
fore use. High-resolution transmission electron microscopy ption when compared with the oxide supports. Activation
(HRTEM) analysis of both the catalysts and the carbon prod- ¢ Ni/MgO led to a dehydration/reduction of MgO, where
uct was carried out using a Philips CM200 FEGTEM mi-  the removal of lattice oxygen resulted in a reconstruction of
croscope operated at an accelerating voltage of 200 kV. Thetne supstrate to generate acicular needle-like magnesium ox-
specimens were prepared by ultrasonic dispersion in butan-ge, visible in Fig. 1b. It has been shown elsewhere [44-46]
2-ol, evaporating a drop of the resultant suspension ontothat hydrothermal treatment of MgO generates a diversity of
a holey carbon support grid. The Ni particle (and carbon morphologies; the most common being lamellar or needle-
nanofiber)-size distribution profiles presented in this study Jike with associated defects and irregular intercrystalline
are based on a measurement of over 500 individual parti- channels. Reduction of the Ni-impregnated activated carbon,
cles/nanofibers. Analysis by scanning electron microscopy an essentially amorphous material with a high (BET) surface
(SEM) was carried out using a Hitachi S900 field emission area, yielded a metal phase of dimensions comparable to that
SEM, operated at an accelerating voltage of 25 kV; the sam-associated with Ni/graphite, albeit a narrower size range and
ple was deposited on a standard aluminum SEM holder andsmaller average diameter (Table 1). Growth of Ni particles in
coated with gold. this case can be attributed to weaker metal/support interac-

YcyHe
> (CHa + C+ CaHe)output

ScyHg (%0) =
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(c)

Fig. 1. Representative TEM images of activated (a) Ni/graphite, (b) Ni/MgO, (c) Ni/AC, (d) pD4\l(e) Ni/TaOs, and (f) Ni/SiG. Inset at bottom, HRTEM
images showing the lattice structure of Ni dispersed onpSiO

tion(s), leading to increased Ni mobility and the subsequent of the Ni/Al,Og3 interaction, leading to an enhanced disper-
greater probability of agglomeration. The weaker Ni—carbon sion of electron-deficient Ni [48]. The Ni phase onpTg
interaction is manifested in the spherical/globular nature of is predominately “spread” along the edges of the oxide as
the Ni particles, as shown in Fig. 1c. The Ni phase associatedshown in Fig. 1e, with evidence of faceting and “pill-box”-
with Al>Os is characterized by the narrowest distribution shaped particles, as reported elsewhere [49]. An exclusively
(Fig. 2) of smaller crystallites; the nature of the metal dis- spherical Ni morphology is in evidence on the Si€up-
persion is illustrated in Fig. 1d. The average Ni diameter port (Fig. 1f) in keeping with earlier TEM characterization
was the lowest among the six supported catalysts investi-reports [50,51]. Previous studies [52,53] have shown that
gated (Table 1), a feature that finds support in earlier work by Ni/SiO, prepared by impregnation realizes a relatively weak
Hoang-Van and co-workers [47]. The suppression of parti- metal/support interaction resulting in Ni growth during acti-
cle growth in this case has been attributed to the ionic naturevation.
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Fig. 2. (a) Ni particle-size distributions associated with freshly activated p@4(downward hatched bars), Ni/J@sg (solid bars), Ni/MgO (open bars), and
Ni/SiO, (cross-hatched bars). (b) Inset, Ni/AC (open bars) and Ni/graphite (solid bars).

There is a decided mismatch in the Ni particle sizes properties of supported metal particles; the characteristic CO
derived from CO uptake valuegdp) and TEM analysis  TPD Tmax vValues are recorded in Table 1. CO desorption
(dTEm), as revealed in Table ¥rgy is typically lower than from Ni/SiO, delivered a single characteristic peak whereas
dco. Such discrepancies suggest some deviation from an exthe TPD profiles associated with the other catalysts bore
clusive 1:1 CO:Ni adsorption stoichiometry, as is normally at least two peaks, one of which predominated. A shift in
applied, i.e., a linear single-point attachment. The surface CO TPD to higher temperatures is diagnostic of stronger
stoichiometry is known to be dependent on metal loading CO/catalyst interactions, which appear to apply to CO on
and catalyst composition [54] and there have been a num-Ni/SiO2, Ni/Al203, and Ni/AC. The predominance of lower
ber of reported instances [55,56] where the dimensions of I’ desorption of CO from Ni/graphite and Ni/Z@s (and
supported metal particles that are measured differ dependNI/MgO to a lesser extent) is indicative of SMSI effects,
ing on the analytical technique that is employed. Moreover, 1-€- weaker metal/adsorbent mtqracuqn. The latter can be
the TEM approach has a decided disadvantage where insuffilinkéd to the anomalous Ni particle sizes generated from
cient contrast in the image can hamper an accurate analysisC© adsorption on these catalysts. While the CO chemisorp-
Although there is an apparent consistencyiafv anddco t|pn/TPD resultg are by no means cqnc[ugve, when con-
values in the case of Ni/MgO, adsorption and subszequentSldereol along W'th_TEM/H chemlgorpnon It 1S rea_sonable
dissociation of CO on the MgO are known to give unrep- to state that. the. Ni pha;e assomat.ed with the Six supports
resentative results [57-59]. CO interaction with MgO can con3|d¢red in this st_udy IS present in a range of sizes, mor-
lead to disproportionation and/or oligomerization, generat- phologies, and possible electronic perturbations.
ing CO uptakes with little value in terms of metal disper-
sion measurements [57,58,60]. The differencesify and

dco are particularly pronounced in the case of NifDs, The decomposition of ethylene is an attractive route to
and Ni/graphite, suggestive of a possible suppression of COggered carbonaceous materials as the number of possible
uptake. As an addendum to the particle-size analyses, H products is limited while the carbon that is generated is
chemisorption was also considered and the estimated Nitypically of a high purity [64]. The structural characteris-
sizes, based on a 2:1 adsorption stoichiometry, are given intics of the carbon product can be assessed from the SEM
Table 1. The agreement with the TEM results is much better, images presented in Fig. 3, taking Ni/Si@s a represen-
albeit H, chemisorption delivers, in the main, smaller aver- tative catalyst; the fibrous nature of the carbon growth is
age Ni diameters. immediately evident. The principal competing reaction is
Notwithstanding the apparent CO uptake discrepancies, hydrogenation to ethane while hydrogenolysis to methane
temperature-programmed desorption of CO has been usedccurs to a lesser extent; trace amounts oa6d G prod-
to good effect elsewhere [61-63] to probe the electronic ucts were also detected. Methane was only isolated in the

3.2. Carbon growth: influence of reaction temperature
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Fig. 4. Carbon yield (per gram of Ni) from€¢) Ni/SiO5, (O) Ni/Al 03,
(A) Ni/MgO, () Ni/AC, (A) Ni/graphite, and @) Ni/TaxOs as a function
of reaction temperature;fEl4/Hy = 4/1 v/v, t = 60 min.

Table 2
Effect of Hy, content on the product selectivity at 773 K

Carbon Ethane
% v/v Hy in feed 0 20 50 80 0 20 50 80
(a) Selectivity after 5 min on stream (%)

Ni/SiO» 54 96 56 56 46 4 44 44
Ni/Al 203 14 20 15 14 86 80 85 85
Ni/AC 70 79 54 54 30 21 46 46
Ni/graphite 89 69 76 67 11 31 24 33
Ni/MgO 13 18 14 18 87 82 86 82
Ni/TapOs5 93 77 71 58 7 23 29 42
(b) Selectivity after 40 min on stream (%)
Ni/SiO2 68 70 53 28 32 30 47 72
Ni/Al 203 13 18 15 11 87 81 85 89
Ni/AC 16 69 60 53 84 30 40 47
Ni/graphite 91 68 49 44 9 31 51 56
Ni/MgO 2 2 19 16 98 98 81 84
Ni/TapOs5 88 81 66 23 12 19 32 76

a diversity of temperature dependencies. The yields, for the
most part, are comparable to those (20—Z0dheta) quoted
Fig. 3. Low (a) and higher (b) resolution SEM images showing structural a|sewhere for Supported Co, Fe, and Ni systems [39,65,66].

Ealtl\‘/r/is of carbon fibers grown from NIfSIOT = 773 K; GHa/H; = Carbon growth was least favored where Ni was supported
' on either an AlO3 or MgO, regardless of the reaction tem-
product stream at higher reaction temperatuce873 K). perature. Taking the product selectivities given in Table 2a

The possibility of methane generation through a hydrogasi- and 2b, it is clear that ethylene hydrogenation to ethane is by
fication of the solid carbon product can be dismissed in this far the preferred reaction over Ni/ADz and Ni/MgO. Car-
study as no methane was generated upon replacing ethylenbon growth from both Ni/AC and Ni/graphite was enhanced
with helium in mid-reaction; reintroduction of ethylene was at higher temperatures-(823 K) where the yield from
accompanied by the reappearance of methane in the produchNi/graphite was consistently and appreciably greater. The
stream. It is reasonable to conclude that methane is the re-carbon yield associated with Ni/SiQleclined at elevated
sult of a direct transformation of ethylene rather than from temperatures and passed through an apparent maximum at
a subsequent carbon hydrogasification. At temperatures in823 K over Ni/TaOs. Reaction temperature has been shown
excess of 873 K gasification of the activated carbon sub- elsewhere to have a considerable bearing on the growth of
strate did become a decided factor, limiting the usefulnessordered carbon [27,28,38,67]. Temperature-related carbon
of this support. The carbon yields delivered by each Ni ca- yield maxima have been reported [27,28,35,44] and the op-
talyst at a fixed inlet gH4/H> feed composition (AL v/v) timum temperature appears to be strongly dependent on the
are plotted in Fig. 4 as a function of reaction temperature. nature of both the catalyst and the feedstock. In this study,
A wide range of yields (varying by over two orders of mag- carbon yield (wherd” < 800 K) increased in the sequence
nitude) is associated with these supported Ni systems with Ni/Al 203 ~ Ni/MgO < Ni/AC < Ni/graphite< Ni/TapOs



392 C. Park, M.A. Keane / Journal of Catalysis 221 (2004) 386—399

< Ni/SiOy; at higher temperatures-(850 K), Ni dispersed  Table 3

on both carbonaceous substrates delivered the highest yieldsCarbon yield, after 1 h on stream, as a function of hydrogen content at two
In the production of solid carbon, ethylene must first un- éaction temperatures

dergo a destructive chemisorption to generate carbon atoms Carbon yield (¢/dca) ~ Carbon yield (¢/9ca

that diffuse through the metal particle with subsequent pre- a7k at823K

cipitation. It is now generally accepted [68,69] that when %V/vHzinfeed 0 20 50 80 0 20 50 80

the supported metal presents different exposed crystallo-Ni/SiO; 16 19 20 72 07 20 2 44
graphic planes to incoming reactant, significantly different m!m:ZOS <g-1 <2~; <gi 21 gg gg g <2~;
c.a.tal)'/nc reactivities can result. There can bg a dgal of speci- . igraphite 46 31 74 43 25 38 = 44
ficity in thg chemlsorptlon step where certain Ni crystallo-  nimgo 03 03 02 01 02 04<01 03
graphic orientations favor reactant decomposition [70,71]. NifTa,O5 39 38 58 52 34 41 ® 65

The loss of hydrogen atoms with concomitant C—C bond
scission is known to be facilitated by a thermodynamically tion of ethylene on the surface Ni results in a concomitant
driven multiple bonding of the chemisorbed hydrocarbon production of C and Kl Moreover, flushing with He need
with the metal surface that serves to lower the surface freenot remove all residual surface hydrogen, which can con-
energy [72]. Ethylidyne, ethylidene, vinylidene, methylene, tribute to the decomposition step, and with the associated
and methylidyne species have all been identified as speciesH, evolution, the reaction is, in a sense, self-sustaining.
formed during the adsorption of ethylene on metal sur- With the exception of the less active Ni#03 and Ni/MgO,
faces [72-74]. Cooper and Trimm have shown [75] that carbon yield was, nevertheless, sensitive to thecbhtent

the rate of carbon deposition on an iron catalyst from a where Ni/SiQ delivered enhanced carbon growth at higher
propylene feed is dependent on metal site geometry whereH, feedstock content (Table 3). The response of reaction
Fe(100)> Fe(110). The predominant exposed metal face selectivity to changes in hydrogen feed content can be as-
can be influenced by the choice of support and activa- sessed from the entries in Tables 2a and 2b, wherein carbon
tion/pretreatment conditions [76,77]. In the case of Ni/§iO  selectivity typically declined with time on stream. The over-
the rate of ethane hydrogenolysis has been found [78-80] toall consumption of ethylene was largely time invariant af-
correlate directly with the percentage of particles faces that ter the first 10 min and the selectivities quoted in Table 2b
adopted either a (100) or a (111) orientation; the Ni(111) were recorded at steady-state activities. The carbon yields
face appears to favor carbon precipitation/growth [16,81]. given in Table 3 refer to a 60-min reaction period which
The use of a graphitic carbon support has been shown tocan be taken to be representative of the growth process and
be a particularly effective means of altering the catalytic a suitable point of comparison for each catalyst. A deple-
properties of supported metals [13,82,83], a response thattion in carbon growth with extended reaction time has been
has been accounted for in terms of electronic interactions noted elsewhere and attributed to an encapsulation of those
between the metal and the-electrons of graphite. While  sites active in hydrocarbon decomposition by a carbon over-
support-induced electronic effects are considered to be neg4ayer [30,31]. As was the case with temperature variations,
ligible for larger (ca. 10-40 nm) metallic particles [84], the Ni/MgO or Ni/Al,Oz exhibited little in the way of a selec-
distribution of Ni particle size associated with these catalysts tivity dependence on hydrogen content and ethane formation
(Fig. 2) is such that support effects can contribute, to varying predominated. Reaction selectivity associated with NiSiO
degrees, to the metal site activity. The significant divergencewas certainly sensitive to Hcontent with an apparent se-

of ethylene conversion and reaction selectivity (hydrogena- lectivity maximum at 20% yv H,. Carbon deposition se-
tion vs decomposition) observed in this study must result lectivity delivered by Ni/graphite (and Ni/3&®s to a lesser
from differences in Ni particle morphology, exposed crystal- extent) at 773 K exhibited a decline at higher inle{€hH4
lographic orientations, and electronic character, all of which feed ratios. It is significant that carbon growth from the two

are influenced by the nature of the support. catalysts that exhibit SMSI behavior is most susceptible to
changes in the reactant feed. The increase in the hydrogen
3.3. Carbon growth: influence of hydrogen content content may have resulted in a reconstruction of the metal

particles where carbon production was less favored. The lat-

Hydrogen has been identified as a critical component in ter should also impact on the carbon structural features, an
the catalytic growth of carbon nanofibers and is proposed effect that is probed below.
to initiate hydrocarbon decomposition [20,27-37,42,50,51]
while also influencing the graphitic nature of the carbon 3.4. Carbon growth: structural features
product [85,86]. However, Herreyre and Gadelle [87] have
found that H} is not essential for carbon production and this Temperature-programmed oxidation was employed to
is borne out in Tables 2 and 3. Even with a prolonged flush- evaluate the extent of carbon structural order, i.e., amor-
ing of the reduced catalysts in He, the yield of carbon from a phous and/or graphitic nature. It is well established that an
CoHa/He feed was appreciable over Ni/AC, Ni/graphite, and increasing order in the carbon structure is accompanied by
Ni/Taz0s. It should be noted that a destructive chemisorp- an elevation of the temperature at which gasification is in-
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(c) NilSiOy (Tmax = 970 K), (d) Ni/Al03 (Tmax = 840 K), (e) Ni/AC
(Tmax = 850, 1030, 1200 K), and (f) Ni/graphiteTihax = 855, 1035,

1200 K): GH4/Hy = 4/1 v/v; T =773 K. Inset: TPO profiles of model .
demineralized carbons: (g) activated carb@m4x = 821 K); (h) graphite Tmax than that recorded for model graphite (see legend of

(Tmax = 1130 K); relative intensity has arbitrary units. Fig. 5). These observations point to a strong contribution of
the support in determining the structural characteristics of

duced [88]. The TPO profiles of carbon grown from the six the carbon product. The degree of structural order was also
supported Ni catalysts (under the same reaction conditions)dependent on reaction temperature, as illustrated in Fig. 6
can be compared in Fig. 5 and assessed against the prowhere the carbon generated from Ni/SiGhows greater
files associated with model-activated carbon and graphite; graphitic character on raising the reaction temperature from
the principal characteristic TP@max values are included 773 to 873 K. Wherd" > 873 K, there was some evidence
in the Fig. 5 legend. It is immediately apparent that the Of additional amorphous growth, characterized by a broad
catalytically generated carbon exhibits an appreciable struc-low temperature peak, which is presumably the result of a
tural diversity. Carbon grown from Ni/ADz and Ni/MgO thermal (noncatalytic/nonselective) decomposition of ethyl-
is essentially amorphous in nature with evidence of limited ene [89]. Reaction temperatures in excess of 873 K have
overall structural order. The Ni/SiGand Ni/TaOs catalysts been noted elsewhere to have a deleterious effect on car-
delivered a more graphitic product on the basis of the shift bon grown from bimetallic catalysts [27]. The effect of the
in oxidation profile to a higher temperature regime, but there Hz content in the reactant feed on the TPO characteristics is
is still a significant amorphous component. TPO analysis of revealed in Table 4 for carbon growth from Ni/Si@nd

the carbon generated from Ni/AC and Ni/graphite is prob- Ni/Ta;Os. In both cases, carbon structural order was en-
lematic in that the TPO response of the catalytically grown hanced by increasing thezKC;H,4 inlet ratio. Taking an
carbon is masked to some extent by the oxidation of the overview of all the TEM analyses that have been conducted,
substrate. Nevertheless, it is evident that Ni/graphite andit is fair to state that the integrity of the fiber graphitic struc-
Ni/AC delivered a range of carbonaceous products, judging ture in terms of lattice uniformity increased with increasing
from the broad oxidation profiles. By comparison with TPO H> feed content. Moreover, a greater faceting of the Ni com-
profiles Fig. 5g and h, Ni/AC produced a carbon product ponent was evident for the highertdontent feed, a phe-
that is significantly more graphitic than the substrate while nomenon that has been reported elsewhere [27,28]. There is
the spent Ni/graphite possessed both an amorphous and growing consensus in the literature [22] that carbon precipi-
structured component, the latter characterized by a highertated from the faceted particles is significantly more ordered.
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Table 5 gests some Ni particle growth/sintering during reaction. An-
Average nanofiber diameters (with size distribution) associated with each derson and Rodriguez [31] observed that S#&pported
Ni-supported catalystl’ =773 Kiz = 60 min; GHyg/Hz = 4/1v/v Fe:Ni bimetallics readily underwent sintering and possible

Catalyst Average carbon % Nanofibers reconstruction to generate carbon nanofibers (from a GO/H
nanofiber diameter (hm) 4 <15nm  d<25nm feed) with diameters typically twice that of the freshly re-
Ni/SiO, 254 18 46 duced metal crystallites. Of direct relevance to this study,
Ni/Al 203 134 84 90 Takenaka et al. [90] have reported an induced aggregation
N/AC 19.7 71 85 of Ni particles on SiQ during methane decomposition at
Ni/graphite 10 83 84 803 K. There is no direct or obvious match of initial metal
Ni/MgO 8.7 9 > 99 ) e ) . X .
Ni/TaOs 233 81 a3 diameter with final fiber width. A TEM analysis of Ni/MgO

and Ni/Al,Os after reaction revealed that a significant com-
ponent of the surface Ni did not have any associated car-
The broadness and diversity of the TPO peaks are alsobon growth. The observed nanofiber distribution can then
indicative of a range of nanofiber diameters where fiber di- pbe considered to reflect the size of Ni particles of the reg-
ameter/availability of edge sites can impact on gasification uisite orientation allied to particle growth during reaction.
characteristics. The surface-weighted average nanofiber di-Bimodal distribution aside, and focusing on appreciable car-
ameters derived from TEM analyses are given in Table 5, bon growth, Ni/TaOs and Ni/graphite provide the greatest
wherein it is evident that there is a significant range of fiber carbon yield under 15 nm in diameter, in keeping with the
diameters/size distributions. By far the narrowest fibers were stronger Ni/substrate interactions that limit Ni sintering and,
grown from Ni/MgO, although the yield was very low (Ta- as a direct consequence, fiber diameter.
ble 3). The least control, in terms of fiber dimension, was  The effect(s) of varying the Ni support on the structural
imposed by Ni/Si@. The dimensions of the seed Ni par- characteristics of the carbon fibers can be assessed from the
ticle should determine the ultimate width of the fiber. The TEM images presented in Figs. 8-13, wherein fibers of vary-
carbon fiber diameter distribution is illustrated by the his- ing diameter and morphology are in evidence. The carbon
tograms given in Fig. 7. The first noticeable feature is that grown from Ni/SiG (Fig. 8a) can be characterized as rel-
apart from Ni/MgO, an ineffective carbon growth catalyst, atively straight nanofibers, many possessing an ill-defined
the nanofibers exhibited bimodal size distributions. The car- hollow central core. The two predominant lattice arrange-
bon associated with Ni/Sis characterized by a very broad ments associated with the fibers produced in this study are
distribution with appreciable tailing. A comparison of the shown in Fig. 9: the so-called “ribbon” form [16,27] where
fiber diameter distribution (Fig. 7) with the Ni particle-size the carbon platelets are oriented in an arrangement that is
distribution in the freshly activated catalysts (Fig. 2) sug- parallel to the fiber axis (Fig. 9a), and the “fishbone” con-
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Fig. 8. Low-magnification TEM images showing the nature and extent of carbon growth from (a) Ni®ONi/Al2O3, (c) Ni/MgO, (d) Ni/TaOs,
(e) Ni/graphite, and (f) NI/ACT =773 K; GHy4/Ho = 4/1 v/v; t = 60 min.

figuration where the platelets are parallel and oriented atfibers can be attributed to an unequal diffusion of carbon
an angle to the fiber axis [16,38]. The interplatelet spacing through the metal particle, leading to an anisotropic growth.
of ca. 0.34 nm is diagnostic of a graphitic species. It must Such growth, as opposed to straighter fiber production can
be stressed that all the images presented here are of carboagain be linked to different exposed Ni orientations on
samples taken directly from the catalytic reactor without any the substrates considered in this work. Zaikovskii and co-
purification. The presence of an amorphous carbon layer vis-workers [91], using an MgO-supported bimetallic Ni—Cu
ible on the fiber edges is an artifact of the cooling stage, catalyst, generated symmetrical spiral nanofibers. These au-
upon completion of the catalytic step. The limited struc- thors proposed that a carbide mechanism was in operation
tural carbon associated with Ni/AD3 (Fig. 8b) and Ni/MgO where metastable {IC exists during the hydrocarbon trans-
(Fig. 8c) exhibited essentially the same morphology as that formation before decomposing to metal and carbon. It was
produced by Ni/SiQ but the interlayer spacings were not suggested that the different diffusional pathways taken by
uniform and there was a preponderance of structural defectshe carbon atoms through the carbide phase lead to differ-
and partial layers; the narrower fibrous growth associated ent rates of carbon growth, resulting in a “twisted” or spiral
with Ni/MgO is discernible in Fig. 8c. growth. The manner in which the morphology of the Ni par-
In marked contrast, carbon grown from Nig@s (Fig. 8d) ticle can influence the shape and orientation of the carbon
and Ni/graphite (Fig. 8e) is helical in nature, exhibiting growth is illustrated in Fig. 10 for Ni/T8s. A reconstruc-
a greater degree of curvature than was observed for thetion of the seed metal particle during carbon growth has
other catalysts. The growth of spiral (or helical) carbon been noted elsewhere [92,93]. The Ni particle exhibited a
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Fig. 9. High-resolution TEM images of isolated carbon fibers grown from NyS$iat exhibit platelets arrayed (a) parallel to and (b) at an angle to the fiber
axis: T =773 K; GHy4/Ho = 4/1 v/v.

Ni particle

C lattice

Fig. 10. High-resolution TEM images of carbon grown from Ny®Tg showing (a) an entrapped rhombohedrical Ni particle with (b) simple schematic
representation and (c) Ni particle edge/carbon lattice structyidz@H, = 4/1 v/v; T =773 K;7 = 60 min.

predominant pill-box shape after reduction (Fig. 1e) but un- the Ni site and the ultimate nanofiber growth. It can be seen
derwent reconstruction to a rhombohedral-shaped particle(Fig. 10c) that the carbon layers adopt geometries that com-
(Fig. 10a) in the presence of the reactant gas. The simpleplement that associated with the edge of the reconstructed Ni
schematic included in Fig. 10b illustrates the link between particle. Carbon diffusion through these particles generates
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where the pressure exerted on the Ni/support interface due
to graphite formation must be of sufficient magnitude to ex-
tract Ni particles from the substrate. A magnified view of the
nature of a metal inclusion and the orientation of the local
graphite platelets is given in Fig. 11b. The metal inclusions
are not trivial (lengths up to 70 nm, diametets10 nm),
equating to a sizeable component of the starting metal con-
tent. Whether the metal is included within the confines of the
hollow channel that runs along the length of the nanofiber or
whether it is situated on the outer nanofiber surface has yet
to be conclusively established. As there was no evidence of
any secondary fibers generated from these metal inclusions
under conditions of prolific carbon growth, it seems more
likely that the metal is situated within the nanofiber rather
than a surface artifact.

Carbon generated from Ni/AC is characterized by a
“rough” exterior (Fig. 8f). Under higher magnification
(Fig. 12), a secondary growth of smaller fibers is visi-
ble associated with the main fiber. This growth of smaller
nanofibers 4 < 20 nm) from larger fibersd > 60 nm)
is the source of the bimodal size distribution shown in
Fig. 7. The latter effect suggests that the Ni particle asso-
ciated with the original fiber growth fragmented, resulting
in the deposition of small Ni particles on the main fiber
that remained accessible to incomingHz and participated
in the growth process to produce (secondary) smaller di-
ameter nanofibers. The weaker metal/support interactions
that characterize Ni/AC can facilitate Ni metal fragmenta-
tion/extraction. Reconstruction of the Ni particles supported
on the graphite substrate was also a feature of the carbon
growth process as is illustrated by the TEM image given in
Fig. 13 wherein the helical carbon growth is in evidence.
The appreciable Ni site reconstruction can be assessed from
comparison with the metal morphology that characterizes
the freshly activated sample (Fig. 1a). Indeed, the occurrence
of a central hollow core in the fibers (see Figs. 8 and 9) can
also be attributed to a deformation or faceting of the sup-
ported metal particle that alters the relative rate of carbon
diffusion and fiber nucleation.

50 nm

4. Conclusions

Fig. 11. Low- (a) and high- (b) magnification TEM images of carbon

nanofibers grown from Ni/Tgg (CoHg/Ho = 4/1 v/v, T = 773 K), Impregnation and activation of Ni on various oxide and

showing Ni fragment inclusion. carbon based substrates have led to significant variations
in the intrinsic catalytic activity/selectivity of the supported

an unequal deposition at the rear face which manifests itselfNi for the reaction of ethylene with hydrogen to generate

in the form of a spiral/coiled fiber. The carbon generated in ethane (hydrogenation) and/or carbon (decomposition). The

this instance is more ordered in that from (say) N4 carbon product takes the form of nanofibers of varying struc-

but it still possesses many defects and is not as structuredural integrity and an amorphous carbon component. Carbon

as that of graphite, which is in keeping with the TPO analy- deposition was favored over Ni/AC, Ni/graphite, NisQx,

sis. One feature common to carbon growth observed in thisand Ni/SiQ while ethylene hydrogenation predominated

study is the occurrence of Ni inclusions in the growing fiber; over Ni/Al,O3 and Ni/MgO. Variations in reaction selec-

this effect is shown in Fig. 11, taking Ni/7@s as a repre- tivity can be ascribed to differences in metal/support inter-

sentative catalyst. The movement of carbon atoms throughaction(s) where, in the case of Ni dispersed op@4 and

the Ni lattice necessitates a displacement of Ni atoms [94] MgO, the metal is in a predominant crystallographic ori-
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Fig. 12. TEM images demonstrating the nature/morphology of the carbon growth from Ni/AC773 K; GHyg/Ho = 4/1 v/v; t = 60 min.

Fig. 13. TEM image showing structural features associated with carbon
grown from Ni/graphite: GHg/Hy = 4/1; T =773 K;t = 60 min.

entation that did not favor a destructive chemisorption of
ethylene but rather facilitated hydrogenation to ethane. The
six catalyst systems exhibit a diversity of temperature depen-
dencies in terms of carbon yield and fiber morphology. At
temperatures in excess of 850 K, Ni/graphite and Ni/AC gen-
erated the highest yields but at lower temperatures NySiO
and Ni/TeOs delivered the more effective carbon growth.
The fibrous product, in the main, showed little curvature
with the exception of Ni/graphite and Ni/d@s, which pro-
duced highly curved/helical structures. The Ebntent in

the feed is a critical reaction variable where a higher con-
tent facilitated a more ordered growth. Nickel fragmentation
is typical in these systems where the Ni metal fragments can
be dispersed on the growing carbon and serve to promote a
secondary (narrower) growth from the original carbon fiber,
an effect that is particularly prevalent in the case of Ni/AC.
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