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a b s t r a c t

Unsupported and Y zeolite supported nickel and cobalt catalysts have been tested for the growth of
nitrogen-doped structured carbon via the chemical vapour decomposition (CVD) of acetonitrile where
550 ◦C ≤ T ≤ 1150 ◦C. A range of carbonaceous structures, including carbon filaments with different lattice
structures and carbon nanospheres were obtained. The graphitic character of the carbon product has been
evaluated by means of temperature-programmed oxidation (TPO) and XRD analyses, surface area and
porosity measurements for both catalyst and carbon product are provided and structural/morphological
features illustrated by scanning and transmission electron microscopy (SEM and TEM). Carbon yield and
morphology were strongly dependent on reaction temperature, the nature of the active metal and the use
of a support. Carbon yield increased with increasing temperature (up to 1050 ◦C) to give maximum values
in the order Ni < Co < Ni/Y < Co/Y. The supported catalysts delivered significantly higher carbon yields (up to
35 gcarbon/gmetal) and initiated carbon growth at temperatures up to 300 ◦C lower than that observed for the
bulk metals. Carbon generated over Ni/Y and Co/Y at 750 ◦C took the form of high aspect ratio nanofibres
where the arrangement of graphene layers exhibited a periodic variation at higher reaction temperatures
to ultimately result in a predominant production of nanospheres at 1150 ◦C, rather attributed to a thermal
than a catalytic route. Based on TPO analyses, carbon grown from bulk and supported Ni showed a higher

degree of structural order compared with the Co promoted growth. An increase in reaction temperature
served to enhance graphitic character. XRD analyses were in all the cases consistent with a graphitic
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. Introduction

The discovery of structured carbonaceous materials, notably
arbon nanotubes and nanofibres [1], with a diversity of unique
hysical and chemical properties has attracted a significant
esearch effort largely focused on controlled synthesis and devel-
ping new applications in gas adsorption [2], H2 storage [3] and
lectronics [4]. In addition, structured carbon has been used as cat-
lyst support [5] and as an electrochemical promoter in fuel cells
6]. Doping these carbonaceous structures with heteroatoms, such
s nitrogen or boron, is an effective means of modifying surface and
lectronic properties [7,8]. Indeed, it has been established that the

ncorporation of nitrogen in nanotubes results in enhanced conduc-
ivity, polarity and basicity, while modifying surface hydrophilicity
9].

∗ Corresponding author. Tel.: +34 926295300; fax: +34 926295256.
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sis of the carbon product has revealed a nitrogen content of up to 5 mol%.
© 2008 Elsevier B.V. All rights reserved.

Arc discharge and laser ablation have been employed in the syn-
hesis of structured carbon [10,11] but these methods also produce a
ignificant quantity of undesired by-products, such as carbon soot,
hat necessitates additional purification steps. Moreover, the asso-
iated low yields and high energy requirements have served as the
mpetus for the development of more efficient carbon production
rocesses. A catalytic route, often termed chemical vapour decom-
osition (CVD), has emerged as a lower cost option which exhibits
greater degree of control and a more feasible scale-up [12]. CVD

ynthesis is now established using transition metals, such as Fe, Co
nd Ni [13]. Baker and co-workers [14] and Toebes et al. [15] have
eported carbon growth over supported and unsupported metals
here catalyst performance depended on the nature of the metal,

he support and the reactivity of the carbon-containing gas. The
nteraction of the metal with a support can play a critical role in

etermining both carbon structure and yield. There have been a
umber of published CVD studies [16,17] that employed metals
upported on amorphous oxides, e.g., silica and alumina. Hernadi
nd co-workers [18] recorded the first application of microporous
rystalline zeolites (Y and ZSM-5) as support material where they

http://www.sciencedirect.com/science/journal/13858947
mailto:antonio.nieto@uclm.es
dx.doi.org/10.1016/j.cej.2008.07.046
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Table 1
Metal content, BET surface area, porosity and surface acidity associated with the catalysts considered in this study

Sample BET surface
area (m2/g)

Ext. surface
area (m2/g)a

Micropore
volume (cm3/g)

Meso- and Macro-pore
volume (cm3/g)

Acidity (mmol
NH3/g)

Metal content
(%, w/w)

Parent Y zeolite 828 3 (<1%) 0.312 0.008 0.214 –
Ni/Y 512 42 (8%) 0.183 0.137 1.351 20
Co/Y 471 94 (20%) 0.145 0.175 1.088 20
Ni + Yb 3 3 – – – 20
C
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a Values in parenthesis represent the external surface area as a percentage with r
b Values refer to the bulk metal.

oted certain advantages over silica, notably a more facile purifica-
ion as zeolites dissolve more readily than silica in strong acids. The
eneral consensus [12,15,16] to emerge is that the use of supported
atalysts facilitates the formation of narrower carbon fibres/tubes.
u and co-workers have, however, noted [19] that this is not uni-
ersally true in that unsupported Fe can also promote the growth
f uniformly narrow carbon tubes when employing less reactive
arbon precursors.

Compounds which have served as reactants in CVD syntheses
nclude CO [20], methane [21], acetylene [20] and ethylene [13]

ith decomposition temperatures in the range 400–700 ◦C. With

view to generating a nitrogen-containing carbonaceous prod-

ct, such carbon precursors as pyridine [22], dimethylformamide
23], aniline [24] and acetonitrile [25] have been considered where
itrogen can be considered an “n-type” dopant with an extra elec-

ig. 1. TPR profiles generated for the reduction of I (a) Ni + Y, (b) Ni/Y and II (c) Co + Y
nd (d) Co/Y.
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ron for donation when replacing carbon in the graphitic matrix.
s nitrogen-containing hydrocarbons are less reactive, reaction

emperatures in the range 800–1000 ◦C are required [22–25]. In
arlier work, we reported the growth of structured carbon via the
ecomposition of ethylene over Y zeolite supported Ni [26,27] and
ecorded reproducible yields of uniformly sized carbon nanofibres.
his work has since been extended to consider carbon growth
ver bulk and Y zeolite supported Ni and Co, using acetonitrile
s the carbon precursor. In this work, the effect of tempera-
ure, reaction time, the nature of the active metal and the role
f zeolite as support on carbon yield are considered while car-
on structural features (morphology, aspect ratio and graphitic
ature) are characterised. In the present work we report an unex-
ected shift in the predominant carbon growth from filament
o nanosphere formation, were thermal decomposition is pro-
osed to control the growth of the latest rather than catalysis. The
iability of incorporating nitrogen in the carbon product is also
ddressed.

. Experimental

.1. Catalyst preparation

20% (w/w) Y zeolite (Zeolyst International) supported Ni and Co
amples were prepared by homogeneous deposition–precipitation,
s described in detail by Toebes et al. [15]. The as prepared cata-
yst precursors were filtered, thoroughly washed with deionised

ater and dried at 120 ◦C overnight. After drying, the catalysts
ere calcined in static air at 600 ◦C using a 10 ◦C min−1 ramp and
aintained at that temperature for 4 h. Before use, the catalyst

recursors were sieved into a batch of 249 �m average particle
iameter. Carbon growth was examined over Y zeolite supported
nd unsupported Co and Ni. In the latter case, commercial NiO
Aldrich) and Co3O4 (Panreac) served as catalyst precursor in a
hysical mixture with the zeolite to achieve a 20% (w/w) metal
ontent.

.2. Catalytic synthesis of carbon nanostructures

Carbon growth was carried out at atmospheric pressure over
he temperature range 550–1150 ◦C in a continuous flow fixed bed
atalytic reactor (quartz tube, 3 cm i.d. × 60 cm) mounted in a tem-
erature programmable oven. In each synthesis run, 200 mg of the
atalyst precursor was reduced/activated by heating (10 ◦C min−1)
n 100 cm3 min−1 dry 20% (v/v) H2/He to 600 ◦C, which was held
or 1 h. The activated catalyst was thoroughly flushed in dry He for
h and subsequently brought to the ultimate reaction temperature
efore introducing the acetonitrile/He feed (GHSV = 16,000 h−1,

.73 gC gmetal

−1 min−1). Carbon growth was monitored for up to 2 h
n-stream: a reaction time of 1 h was taken as standard. The reac-
or was cooled to room temperature in a flow of He prior to off-line
nalyses. The specific carbon yields (Ycarbon) reported in this paper
epresent the gravimetric ratio of solid carbon product to the metal
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ontent in the catalytic bed (gc/gmetal), where Ycarbon values from
epeated runs were reproducible to better than ±10%. The cata-
yst was removed from the carbon product by contacting with HF
48%) overnight under vigorous stirring, followed by filtration and
ashing.

.3. Catalyst/carbon characterization

Powder X-ray diffractograms (XRD) were recorded with a Philips
W 1710 instrument using Ni-filtered Cu K� radiation. Surface
rea/porosity measurements were conducted using a Micromerit-
cs ASAP 2010 sorptometer apparatus with N2 as sorbate at 77 K.
amples were outgased (at 6.6 × 10−9 bar) at 180 ◦C overnight prior
o analysis. Specific total pore volumes were evaluated from N2
ptake at a relative pressure (P/P0) = 0.99. The Horvath–Kawazoe
ethod was used to determine microporous surface area and
icropore volume; mesoporosity was evaluated using the standard

JH treatment. Catalyst metal loading was determined (to better
han within ±1%) by atomic absorption (AA) spectrophotometry,
sing a SPECTRA 220FS analyzer. Surface acid site concentration
as measured by temperature-programmed desorption of ammo-

ia (TPDNH3 ) using a Micromeritics TPD/TPR 2900 analyzer. The
atalyst was reduced/activated under the conditions used prior to
atalysis, cooled to 180 ◦C and the sample contacted with a flow
f NH3 for 15 min with a subsequent purge with He for 1 h to
emove physisorbed NH3. The sample was ramped at 15 ◦C min−1

v
s
a
w
t

Fig. 2. Representative TEM micrographs of activated Y zeolite supported (a) Ni an
ering Journal 144 (2008) 518–530

rom 180 to 600 ◦C and TPDNH3 data acquired; surface acidity was
elated to NH3 release as discussed in detail elsewhere [26,27].
he temperature-programmed reduction (TPR) profiles were deter-
ined using the same Micromeritics unit as for TPD analyses, where

he catalyst precursor was first outgassed and heated in an Ar/H2
ow (≥99.999% purity, 83/17 volumetric ratio) at 10 ◦C min−1 to
00 ◦C; the effluent gas was directed through a liquid N2 trap
nd H2 consumption was determined by TCD. Metal and car-
on morphology/dimensions were analyzed by transmission (JEOL
EM-4000EX, accelerating voltage of 400 kV) and scanning (JEOL
SM-6535F) electron microscopy. Suitable specimens for TEM anal-
ses were prepared by ultrasonic dispersion in acetone with a
rop of the resultant suspension evaporated onto a holey car-
on supported grid. Samples for SEM analyses were deposited on
standard aluminium SEM holder and coated with gold. Metal

article size distributions presented in this report are based on
article counts in excess of 400. Temperature-programmed oxi-
ation (TPO) profiles of the acid treated carbon product were
btained using a PerkinElmer TGA7 thermogravimetric analyzer
here a 10-mg demineralised sample was ramped from room tem-
erature to 1000 ◦C at 5 ◦C min−1 in a 50 cm3 min−1 O2/He (5%,

/v). The carbon, hydrogen and nitrogen (CHN) content in the
olid carbon deposits was determined using a LECO CHNS-932
pparatus. The carbon (ca. 2 mg) combustion (at 950 ◦C) products
ere analysed by IR (for C and H content) and TCD (for N con-

ent).

d (b) Co and SEM micrographs of activated unsupported (c) Ni and (d) Co.
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F
(

Fig. 3. Metal particle size distributions for the activated (a) Y zeolite supported and (b) unsupported Ni (solid bars) and Co (hatched bars) catalysts.

ig. 4. Carbon yield as a function of reaction temperature over (�) Ni/Y, (�) Co/Y,
�) Ni + Y and (©) Co + Y: GHSV = 16,000 h−1; 0.73 gC gmetal

−1 min−1; �t = 60 min.

Fig. 5. Carbon yield as a function of time-on-stream over (�) Ni/Y, (�) Co/Y, (�)
Ni + Y and (©) Co + Y: GHSV = 16,000 h−1; 0.73 gC gmetal

−1 min−1; T = 750 ◦C for Ni/Y
and Co/Y; T = 950 ◦C for Ni + Y and Co + Y.
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. Results and discussion

.1. Catalyst characterization

Critical structural characteristics of the catalysts considered in
his study are given in Table 1. The introduction of either metal (Ni
r Co) was accompanied by a decrease in surface area relative to
he starting zeolite, which can be attributed to a partial blockage
f the zeolite pores. While the external surface area of the parent
zeolite was negligible when compared with the total area, the

ontribution of external area to the overall value was greater for

he metal loaded samples. The decrease in BET area was accom-
anied by a significant drop in micropore value, a response that
as more marked in the case of Co/Y. The bulk metals were char-

cterized by low specific surface areas and limited porosity. The

t
h
t
i

ig. 6. TPO profiles associated with the carbon obtained at 750 ◦C (dotted line), 950 ◦C (d
nsupported Ni and Co catalysts: GHSV = 16000 h−1; 0.73 gC gmetal

−1 min−1; �t = 60 min. (
ering Journal 144 (2008) 518–530

PR profiles generated for the bulk and zeolite supported Ni and
o samples are presented in Fig. 1. The reduction of the bulk metal
xides generated a single H2 consumption peak with an associated
max at 305 and 355 ◦C for Ni and Co, respectively. Murthy et al.
28] attributed a peak at 270 ◦C to the direct reduction of bulk NiO
hile Arnoldy and Moulijn [29] ascribed a peak at Tmax = 317 ◦C to a

wo-step reduction of Co3O4 to Co via CoO. The supported catalysts
equired higher reduction temperatures which can be attributed to
etal-support interactions, an effect that is now well established

16] for supported metal systems. TPR of the supported Ni cata-
yst generated a broad reduction peak (T = 520 ◦C) with a low
max

emperature shoulder (Tmax = 365 ◦C). The latter peak arises at a
igher temperature than that recorded for unsupported NiO and
hat can be attributed to the reduction of a precipitated hydrox-
de species that interacts weakly with the support. Significantly

ashed line) and 1150 ◦C (solid line) for reaction over (I) Y zeolite supported and (II)
III) TPO profile for model-activated carbon. Insets: DTG profiles.
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Table 2
Range of gasification temperatures associated with carbon generated over
the four catalyst systems at representative reaction temperatures: �t = 60 min;
0.73 gC gmetal

−1 min−1; carbon obtained in the absence of catalyst and model-
activated (amorphous) carbon are included as reference

Catalyst Reaction
temperature (◦C)

Gasification temperature
range (◦C)

Ni/Y 750 626–816
950 703–903

1150 703–>1000

Ni + Y 950 620–905
1150 684–>1000

Co/Y 750 577–850
950 618–840

1150 682–>1000
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C
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o + Y 950 609–840
1150 670–>1000

one 1150 680–>1000
ctivated carbon 500–630

reater hydrogen consumption occurs at a higher temperature and
ust result from the reduction of 1:1 nickel phylosilicate which has

een shown to form on Ni/zeolite systems prepared by precipita-
ion/deposition [30]. The profile generated for Co/Y is characterized
y a low temperature peak with a Tmax = 350 ◦C that roughly corre-
ponded to the reduction of bulk Co3O4 and a higher temperature
Tmax = 670 ◦C) H2 consumption that can be linked to the reduction
f Co species that interact strongly with the support. It should be
oted that the TPR profile for Co/Y ultimately returned to baseline
uring the final isothermal hold. Surface acidity was increased (see
able 1) with the incorporation of the metal due to of the intro-
uction of surface OH groups during catalyst preparation as has
een noted elsewhere [31]. Metal particle size and morphology in
he samples post-TPR were evaluated by electron microscopy. Rep-
esentative TEM images presented in Fig. 2 illustrate the nature
f metal dispersion in both supported catalysts. TEM derived his-
ograms given in Fig. 3 demonstrate a narrow size distribution for
i/Y (number weighted mean Ni diameter = 10 nm) while Co/Y is
haracterised by a broad distribution of Co particle sizes with a
ean size of 25 nm. The unsupported metals are present as large

articles in the micron size range, as demonstrated by the SEM
mages included in Fig. 2. Bulk Ni is characterised by larger agglom-
rates in the range of 1–5 �m (mean size = 2.5 �m) when compared
ith Co which exhibited sizes in the range 200–400 nm (mean

ize = 300 nm).
.2. Catalytic growth of carbon nanostructures

In the catalytic growth of nanostructured carbon from a hydro-
arbon feed, the presence of H2 in the feed has been proposed

t
s
a
t

able 3
ET surface area, porosity, crystalline parameters and elemental (CHN) composition of re
nd Co catalysts. �t = 60 min; 0.73 gC gmetal

−1 min−1. Carbon obtained in the absence of ca

atalyst/reaction
temperature

BET area
(m2 g−1)

Ext. surface
area (m2 g−1)

Total pore volume
(cm3 g−1)

dpore

i/Y @750 ◦C 49 36 0.09 7.4
i/Y@ 950 ◦C 31 26 0.09 12.1
i/Y@1150 ◦C 8 7 0.04 21.1
o/Y@750 ◦C 100 96 0.33 13.2
o/Y@950 ◦C 19 12 0.05 12.1
o/Y@1150 ◦C 5 2 0.02 11.8
i + Y@950 ◦C 8 5 0.04 17.5
i + Y@1150 ◦C 5 2 0.01 9.2
o + Y@950 ◦C 5 <1 0.01 8.8
o + Y@1150 ◦C 5 <1 0.01 9.9
one@1150 ◦C 6 <1 0.01 8.5
ering Journal 144 (2008) 518–530 523

o play a beneficial role by initiating hydrocarbon decomposition
nd exerting additional structural control on the carbon growth
14]. However, when using acetonitrile as the carbon source, H2
an impede the incorporation of nitrogen into the carbon prod-
ct, a result that runs counter to the stated objective of this work.
t temperatures in excess of 800 ◦C, acetonitrile decomposes into
N and CH3 free radicals, which are active fragments for the for-
ation of nitrogen-doped carbon [32]. However, the presence of
2 in the feed can result in the formation of HCN which is less

usceptible to decomposition with a resultant inhibition of car-
on growth with an in-built nitrogen component [32]. We have
ccordingly employed He as the carrier gas in our growth stud-
es. Solid carbon yield (per gram of metal) is plotted as a function
f reaction temperature in Fig. 4. Reaction temperature has been
eported as a crucial operational variable in catalytic carbon growth
14,16,18]. In the case of the four catalytic systems studied, car-
on yield was raised with increasing temperature, achieving the
ighest values at 1050 ◦C. There was a detectable decline in yield
t higher temperature (1150 ◦C), a response that has been noted
lsewhere in related catalytic systems [16,26,27]. This effect can be
ttributed to a switch from catalytic to thermal cracking/pyrolysis
s a competitive route to carbon production. While appreciable
arbon growth was only observed at T > 850 ◦C over both bulk met-
ls, Ni/Y delivered a measurable carbon yield at 550 ◦C. Enhanced
arbon growth on supported metals has been attributed to metal
article size [15] where smaller supported metal crystallites bear
xposed (higher index) planes that favour reactant decomposition.
he commonly accepted model for carbon growth from a metal
atalyst involves reactant decomposition on the top surface of a
etal particle followed by a diffusion of carbon atoms into the
etal with precipitation at other facets of the particle [12]. The

iffusion coefficient of C in Ni (1.47 × 10−11 m2 s−1 at 950 ◦C) is
igher than that recorded for Co (6.62 × 10−12 m2 s−1 at 950 ◦C)
33], which would suggest a higher growth rate over Ni. However,
n this study, supported Co delivered consistently higher carbon
ields (where T > 550 ◦C) and bulk Co also outperformed Ni (see
ig. 4). It has been proposed that the destructive chemisorption of
he hydrocarbon results in the formation of a sub-stoichiometric

etal carbide prior to filament formation. It should be noted that
ormation enthalpies of −9 and −4 kJ mol−1 have been recorded for
o2C and Ni3C, respectively [34], which indicates that Co carbide

ormation is thermodynamically more favoured than Ni carbide. It
ppears that, over our working temperatures, reactant decompo-
ition on the metal surface is the limiting step rather than carbon
ed in Fig. 5 for representative reaction temperatures (750 ◦C for
upported and 950 ◦C for unsupported systems) that deliver an
ppreciable carbon deposit. The supported catalysts, Co/Y in par-
icular, show a pronounced initial increase in carbon yield over the

presentative carbon obtained from reaction over bulk and Y zeolite (supported Ni
talyst is included)

(nm) d0 0 2 (nm) Lc (nm) Carbon
(mol%)

Hydrogen
(mol%)

Nitrogen
(mol%)

0.343 5.4 90.5 5.0 4.5
0.339 6.3 92.6 5.9 1.5
0.339 5.4 95.2 2.6 2.2
0.343 4.7 95.9 2.5 1.6
0.339 6.3 95.2 3.6 1.2
0.339 4.7 92.5 4.9 2.6
0.340 6.2 91.1 5.7 3.2
0.340 3.5 91.7 4.8 3.5
0.343 3.5 89.0 6.0 5.0
0.338 9.5 90.7 5.7 3.6
0.339 5.0 93.1 2.9 4.0
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ig. 7. TPO profiles associated with the carbon obtained after 30 min (dotted line
upported and (II) unsupported Ni and Co catalysts: GHSV = 16,000 h−1; 0.73 gC gmet

rst 0.5 h on-stream followed by a less accused increase in carbon
eposition; the less active bulk metals delivered an essentially con-
tant increase in carbon yield during the time interval studied. Loss
f activity for supported systems has been reported previously and
scribed to a poisoning of the active metal particle due to encapsu-
ation by carbon [35].

.3. Carbon characterization

TPO analyses were conducted to probe structural order. It is well
stablished that the more ordered the carbon structure, the higher
s the temperature required for gasification during TPO [16]. Repre-
entative TPO profiles of carbon samples obtained from reaction
ver the four catalysts at three synthesis temperatures are pre-
ented in Fig. 6. The TPO profiles for carbon deposits obtained at
igher reaction temperatures (from 750 to 1150 ◦C) were consis-
ently shifted to higher gasification temperatures, a response that
as been reported elsewhere [35] for carbon growth from a hydro-
arbon precursor. As a general observation, carbon grown at higher
emperatures gasified over a wider temperature range, suggest-
ng a composite carbon product with a wider range of structural
rder; this effect is illustrated by the DTG traces included as insets
n Fig. 6. TEM results, discussed below, have revealed a structural
ependence on growth temperature which can account for the
bserved TPO response. The ranges of gasification temperatures
re recorded in Table 2 and compared with that obtained for a
model”-activated carbon (see Fig. 6III). Based on the TPO results,

he catalytically generated carbon is more structured than standard
morphous carbon. The carbon product generated over Ni (bulk
nd supported) gasified at higher temperatures when compared
ith that grown over Co (Table 2), what suggests a higher degree of

raphitisation. There was no apparent dependency of carbon struc-

s
s
w
d
a

in (dashed line) and 120 min (solid line) on-stream for reaction over (I) zeolite
in−1; T = 750 ◦C for Ni/Y and Co/Y; T = 950 ◦C for Ni + Y and Co + Y.

ural order with time-on-stream (up to 2 h) for reaction over the
upported catalysts (see Fig. 7I). However, the TPO of carbon growth
n bulk metal (notably Co) exhibited (see Fig. 7II) higher gasification
emperatures at longer reaction times. While TPO analysis pro-
ides an indirect assessment of carbon structural order, the inferred
rends find further support in XRD analyses (see Fig. 8). Each profile
xhibits a peak at ca. 25◦, i.e., (0 0 2) graphite plane, the broad-
ess of which is indicative of a lesser long range structural order;
n ill-defined peak at 43.8◦ can be assigned to the (1 0 0) graphite
lane. We have adopted the interlayer spacing (d0 0 2, 0.335 nm for
raphite) as a quantitative measure of graphitic character. The d0 0 2
alues recorded in Table 3 are consistent with a graphitic product
here the decrease in interlayer spacing with increasing synthesis

emperature suggests a better packing of the graphene layers. The
rystalline parameter Lc (deduced from the half-width of the (0 0 2)
iffraction peak (Table 3)), however, experiences a decrease at the
ighest temperature, suggestive of a morphological change, as will
e commented below.

The nitrogen adsorption–desorption isotherms associated with
he carbon deposits (see Fig. 9) exhibit a type IV profile, according to
he IUPAC classification. Type IV multilayer adsorption–desorption
ccompanied by capillary condensation generate hysteresis loops
hat are diagnostic of mesoporosity; the associated pore sizes pre-
ented in Table 2 fall within the accepted mesopore (2–50 nm)
ange. As a general observation, BET surface area and total pore
olume decreased with increasing synthesis temperature. The
bserved decrease in BET area/pore volume is suggestive of some

tructural difference. The latter emerges from SEM/TEM analy-
is; representative SEM/TEM images are presented in Figs. 10–12,
herein a range of carbon structures is in evidence. Acetonitrile
ecomposition over Ni/Y at 750 ◦C (Fig. 10a and b) delivered high
spect ratio carbon filaments that exhibited a hollow central core.
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Fig. 8. XRD patterns of the carbon obtained at representative temperatures ov

he occurrence of a hollow core has been attributed to a deforma-
ion of the seed metal particle resulting in an unequal diffusion of
arbon through the metal particle [16]. The higher resolution image
Fig. 10c) shows graphene layers that are orientated parallel to the
rowth axis with an interlayer distance of 0.343 nm. Filament diam-
ter varied from 20 to 50 nm, which exceeds the starting Ni particle
ize diameters in the activated catalyst (see Fig. 3) suggesting a Ni
intering during carbon formation. Acetonitrile decomposition over
upported Co (at 750 ◦C) delivered a similar filamentous growth
Fig. 10d and e), albeit the diameters exhibited a broader size dis-
ribution (10–70 nm) than that observed for Ni/Y. Filament size
istribution was closer to the starting Co size (see Fig. 3), suggest-

ng that Co did not undergo sintering to the same extent during
arbon growth. The high resolution TEM images reveal a series of
attice defects along the length of the filaments generated from Ni/Y
Fig. 10c) and Co/Y (Fig. 10f). This structural response is attributed
o differences in bulk and surface C atom diffusion rates that is,
n turn, dependent on metal particle shape and size. The images
hown in Fig. 10 suggest a pseudo-periodic response, i.e., a periodic
uctuation of carbon concentration.

Reaction at a higher temperature (950 ◦C) over Ni/Y generated
laments (Fig. 11a and b) with a distinct structure, i.e., no evi-
ence of a central hollow core where the periodicity apparent at

he lower temperature is more marked. High resolution micrograph
Fig. 11c) shows how graphene layers lose their alignment parallel
o the growth axis to accommodate curved domains. The average
nterlayer spacing (0.339 nm) is lower than that recorded for the
arbon growth at 750 ◦C (Table 3) and closer to the reference value

p
t
o
t
t

four catalytic systems: GHSV = 16,000 h−1; 0.73 gC gmetal
−1 min−1; �t = 60 min.

or graphite. This is in line with the TPO results which suggested
nhanced structural order at the higher reaction temperature (see
ig. 6). The filaments produced at the higher temperature exhib-
ted a broader size range (40–200 nm). Carbon filaments grown
rom bulk Ni (Fig. 11d and e) were even wider and less homoge-
ous in size (100–300 nm) than that obtained from supported Ni.
uch a lack of control over the filament diameter has been pre-
iously reported in the literature for unsupported systems [12].
arbon growth from Co/Y at 950 ◦C also exhibited a wider distri-
ution (70–300 nm) of larger diameters when compared with the

ower temperature growth. Moreover, the arrangement of graphene
heets exhibits significant lattice structural disruption (Fig. 11g and
). The high resolution micrograph (Fig. 11i) reveals, as in the case of
i/Y, a periodic curvature. Periodicity in filament growth has been
ttributed in literature [36] to a pulsating growth that is related
o the thermodynamic stability of the metal carbide. The carbon
enerated from Co + Y at 950 ◦C was not in the form of filaments
ut rather as a clustering of spheres (Fig. 11j and k) with diam-
ters in the range 100–150 nm. The high resolution TEM image
Fig. 11l) illustrates how the graphene sheets accommodate the cur-
ature of the sphere with an interlayer lattice spacing of 0.343 nm.
hen the temperature was raised to 1150 ◦C, Ni/Y also delivered
spherical product as shown in Fig. 12a–c. The spheres are not
resent as discrete entities but rather a conglomeration or clus-
ering of the spheres is in evidence with diameters in the range
f 150–200 nm. An essentially equivalent pseudo-spheroidal struc-
ure with a similar size range (150–200 nm) was also generated at
he same temperature using unsupported Ni (see Fig. 12d–f) which
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Fig. 9. N2 adsorption–desorption isotherms associated with the carbon obtained at representative temperatures over the four catalytic systems: GHSV = 16,000 h−1;
0.73 gC gmetal

−1 min−1; �t = 60 min.

Fig. 10. Representative micrographs of the carbon obtained over Ni/Y (a: SEM low magnification image; b: TEM low magnification image; c: TEM high magnification image)
and Co/Y (d: SEM low magnification image; e: TEM low magnification image; f: TEM high magnification image) for reaction at 750 ◦C: GHSV = 16,000 h−1, 0.73 gC gmetal

−1 min−1,
�t = 60 min.
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ig. 11. Representative micrographs of the carbon obtained over Ni/Y (a: SEM low m
i + Y (d: SEM low magnification image; e: TEM low magnification image; f: TEM hig

mage; i: TEM high magnification image) and Co + Y (j: SEM low magnification im
50 ◦C: GHSV = 16,000 h−1, 0.73 gC gmetal

−1 min−1, �t = 60 min.

uggests that, at this temperature, the support has little effect on
he carbon product size and/or structure. In contrast, under the
ame growth conditions Co/Y produced a combination of filamen-
ous carbon and spheres (Fig. 12g–i). Bulk Co generated spherical
arbon as the predominant product (see Fig. 12j–l). The low BET
rea associated with those carbons obtained at the higher reaction

emperatures (see Table 3) can be attributed to the predominant
pherical morphology: the sphere as a geometrical body presents
he lowest exposed specific surface area. Carbon nanospheres have
een reported to possess limited porosity [37], which is in line with
he results presented in Table 3. The trends observed in this study

m
a
e
f
(

cation image; b: TEM low magnification image; c: TEM high magnification image),
nification image), Co/Y (g: SEM low magnification image; h: TEM low magnification
: TEM low magnification image; l: TEM high magnification image) for reaction at

n terms of the dependence of carbon structure and dimensions on
atalyst and reaction temperature are summarised in Table 4.

The production of carbon nanospheres is gaining increasing
nterest due to novel applications of these materials in fuel cells,
econdary Li ion batteries, as lubricants or polymer additives
38,39]. Carbon nanosphere production has been reported via
ixed-valent oxide decomposition of natural gas at 1100 ◦C [40]
nd the decomposition of pentane over Fe(CO)5 at temperatures in
xcess of 900 ◦C [41]. However, thermal pyrolysis has been success-
ully employed to generate nanospheres from a diverse feedstock
methane, benzene, styrene, mesitylene, etc.) at temperatures
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ig. 12. Representative micrographs of the carbon obtained over Ni/Y (a: SEM low m
i + Y (d: SEM low magnification image; e: TEM low magnification image; f: TEM hig

mage; i: TEM high magnification image) and Co + Y (j: SEM low magnification im
150 ◦C: GHSV = 16,000 h−1, 0.73 gC gmetal

−1 min−1, �t = 60 min.

reater than 1000 ◦C [39]. Consequently, runs at the highest tem-
eratures (at which the spheres were obtained) were performed in
he absence of a catalyst (Tables 2–4) delivering essentially similar
esults both in yield and structure/morphology than when a cat-
lyst was used. One the one hand, this result supports the carbon

roduction drop occurred at 1150 ◦C, temperature at which thermal
yrolysis is responsible for carbon growth, rather than the catalytic
oute, also in line with the essentially coincident yields obtained
ndependently of the catalyst employed. On the other hand, car-
on morphology was predominantly the same for the four catalysts
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cation image; b: TEM low magnification image; c: TEM high magnification image),
nification image), Co/Y (g: SEM low magnification image; h: TEM low magnification
: TEM low magnification image; l: TEM high magnification image) for reaction at

regarded the presence of filaments in the case of the most active
o/Y, diagnostic of residual catalytic activity). The spherical mor-
hology has been reported in literature to posses a lower crystalline
haracter than filaments [35], due to imperfections and reactive
angling bonds present in their surface. In this line, the average
nterlayer spacing d0 0 2, that did not show appreciable differences
etween spheres and those filaments obtained at high temper-
tures find further support in the average crystalline parameter,
c, which experienced a decrease when the carbonaceous product
witched from filaments to spheres (Table 3). Regarding the TPO
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Table 4
Nature of the predominant carbon growth and diameter range generated for reaction
over the four catalyst systems at representative reaction temperatures: �t = 60 min;
0.73 gC gmetal

−1 min−1 (carbon obtained in the absence of catalyst is included)

Catalyst Temperature (◦C) Predominant carbon structure Size range (nm)

Ni/Y 750 Filaments 20–50
Ni/Y 950 Filaments 40–200
Ni/Y 1150 Spheres 150–200
Ni + Y 950 Filaments 100–300
Ni + Y 1150 Spheres 150–200
Co/Y 750 Filaments 10–70
Co/Y 950 Filaments 70–300
Co/Y 1150 Filaments + Spheres 100–200
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o + Y 950 Spheres 100–150
o + Y 1150 Spheres 100–200
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esponse, higher gasification temperatures associated to spheres
s tentatively attributed to a further graphitization/reduction of
morphous carbon formed rather than an increase in the crys-
alline character. In previous work [13] we established that high
spect ratio carbon nanofilaments were the sole structured car-
on product generated from the decomposition of ethylene over
i loaded zeolites. A switch from a predominantly filamentous to
spherical product necessitates a quite distinct growth mecha-

ism, where thermal decomposition seems in the present work
o conduct the process, rather than the catalytic route. It is worth
agging the work of Inagaki, who developed a comprehensive
tudy on the growth mechanism of spherical carbon, where small
omains of graphitic hexagonal layers of carbon atoms, known as
asic structural units (BSUs) are arranged to form the final spher-

cal shape [42]. In this line, there is some agreement in literature
hat not only hexagonal layers, but also pentagonal and heptago-
al ones are needed to accommodate the curvature of the sphere
40].

Nitrogen incorporation was investigated by means of elemental
CHN) analysis which demonstrated (see Table 3) a bulk nitrogen
ontent up to 5 mol%, which is comparable with values reported in
iterature. Trasobares and co-workers reported nitrogen contents
f 3–5 mol% from the pyrolysis (550–1000 ◦C) of melamine over
i and Fe powders [43]. Tang et al. obtained a nitrogen content
f 2–16 mol% from the decomposition (650–1175 ◦C) of dimethyl-
ormamide over Fe/Al2O3 [23] while Lee et al. reported 2–6 mol%
itrogen after the decomposition (900–1100 ◦C) of CH4/NH3 and
2H2/NH3 over Fe/Si [44]. Nakajima and Koh [45] reported an opti-
um temperature range between 850 and 1000 ◦C for nitrogen

ncorporation in carbon generated from the decomposition of ace-
onitrile and pyridine. Kudashov et al. [46] noted that the reaction
f acetonitrile over Co resulted in a lesser nitrogen incorporation
n the nanotubes formed than that recorded for Ni, a response that
s not obvious from our measurements. It is well documented that
he incorporation of heteroatoms into structured carbon, even at a
ow mass/mole percent, can induce lattice defects in the graphene
ayers [46]. This effect can account, at least in part for the dis-
uption to the carbon lattice structure that is illustrated by the
EM images presented in Figs. 10 and 11, as by the crystalline
arameter Lc, which decreased with increasing nitrogen content
Table 3).

. Conclusions
Chemical vapour decomposition (CVD) of acetonitrile over
oth Y zeolite supported and unsupported Ni and Co catalysts
as been shown as an effective route for the production (up to
5 gcarbon/gmetal) of ordered carbonaceous materials with a sig-
ificant (up to 5 mol%) nitrogen content. The supported systems
ering Journal 144 (2008) 518–530 529

enerated significantly higher carbon yields where carbon growth
as initiated at temperatures up to 300 ◦C lower than that required

or measurable carbon growth from the bulk metals. Under condi-
ions of maximum carbon growth, bulk and Y zeolite supported Co
elivered higher specific carbon yields than Ni, a response that we
entatively attribute to enhanced reactant decomposition/carbide
ormation associated with Co. An increase in reaction tempera-
ure (up to 1050 ◦C) was accompanied by an elevation of carbon
ield and an accompanying increase in structural order, based on
PO analyses. Gasification temperatures derived from TPO analy-
es suggest that the carbon produced by the Ni catalysts is more
rdered. XRD analyses were, in all the cases, consistent with a
raphitic product. On the basis of the TPO measurements, time-
n-stream variations had no significant effect on carbon structure
or growth over the supported metals but there is evidence of a tem-
oral enhancement in the case of the bulk (particulary Co) metals.
slight loss of activity with time-on-stream was a feature of reac-

ion over the supported metals and can be attributed to poisoning
metal encapsulation) by the greater quantities of carbon produced.
arbon produced at lower reaction temperatures took the form of
igh aspect ratio filamentous structures with an inter-platelet spac-

ng of ca. 0.34 nm and a hollow central core. The filament diameters
xceeded the starting metal (notably Ni) particle size, suggesting
reaction induced metal sintering. An increase in reaction tem-

erature resulted in a disruption to the lattice structure with, at
he highest temperature studied (1150 ◦C), the formation of carbon
anospheres as the predominant carbon morphology. Nanosphere

ormation was investigated in the absence of a catalyst, concluding
hat its formation is rather attributable to thermal pyrolysis than
o a catalytic route. The presence of nitrogen in the carbon struc-
ures was closely linked to carbon morphology, being favoured in
hose structures presenting a higher degree of structural defects.
owever, there is no clear correlation between the catalyst used
nd the degree of nitrogen inclusion in the carbon product. Taking
n overview of the results presented, the catalytic decomposition
f acetonitrile is an effective route for the production of nitrogen-
oped nanostructured carbon where variations in the nature of the
atalytic metal and reaction temperature can be used to control the
tructure/morphology of the carbon product.
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