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Abstract

On-board reforming of liquid fuels is attractive for fuel-cell-powered auxiliary power unit (APU) applications in heavy-duty vehicles. However,
a technology barrier is catalyst deactivation due to carbon deposition. In this work, we studied carbon identification and the effect of nickel loading
on carbon growth during isooctane autothermal reforming (iCg-ATR) over Ni-supported Ce—Zr—O (Ni/CZO) catalysts. The crystallographic phase,
type, deposition amount, and morphologies of deposited carbon were characterized by X-ray diffraction (XRD), thermogravimetric analysis
(TGA), X-ray photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). Two types of carbon, coating and filamentous, were
identified by SEM, with binding energies of 281.6 and 284.5 eV in C1s XPS spectra and oxidation temperatures of 392 and 572 °C in TGA curves,
respectively. Both coating and filamentous carbon were X-ray amorphous for nickel loadings <5%, even though deposited carbon reached up to
60.2%. Over the entire nickel loading range of 1-15%, with corresponding nickel crystal sizes of 30—103 nm, the coating carbon formation rates
were low (0.04 g/ mlz\li h) and independent of nickel particle size. The growth rates of filamentous carbon increased with increasing nickel particle
size. Filamentous carbon growth may require not only a critical nickel particle size, but also a certain minimum number of nickel particles per unit
support area. The results suggest a strategy for inhibiting the growth of filamentous carbon on Ni/CZO catalysts during autothermal reforming of

liquid fuels.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The desire for increased fuel economy and decreased CO;
emissions are two important driving factors in the development
of more efficient vehicles that emit less greenhouse gases. Fuel
cell vehicles possibly could address these problems, but these
have not yet been commercialized. A hybrid system consisting
of a conventional internal combustion engine (ICE) for propul-
sion and a fuel cell-powered auxiliary power unit (APU), which
replaces the ICE under heavy NO, and CO emissions condi-
tions (low speed and idling operations), could be a promising
choice due to higher energy efficiency and lower emissions [1].
The APU is a combination of a fuel cell and an on-board hydro-
gen generation system using gasoline or diesel fuel. Catalytic
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autothermal reforming (ATR) is an attractive option for hydro-
gen generation due to its low cost, simplicity, and better energy
efficiency compared with steam reforming or partial oxidation.
Unlike proton-exchange membrane (PEM) fuel cells, in which
CO acts as an anode catalyst poison and thus water—gas shift
and preferential oxidation units are required, solid oxide fuel
cells (SOFCs) can operate with mixtures of Hy and CO and
are of interest to the military and the trucking industry for on-
board fuel cell-powered APU applications. Nickel-based cata-
lysts have been the catalyst of choice for steam reforming to
produce hydrogen due to their good activity and long-term sta-
bility [2]. The formation of carbon deposits during reaction,
however, is one of the main causes of catalyst deactivation dur-
ing hydrocarbon reforming. Sulfur is also a catalyst poison and
is present in many fuels, but may not be a major problem in
the future as sulfur-free or very low sulfur fuels become avail-
able. Unlike sulfur, carbon deposition is a problem caused by
intrinsic properties of the catalyst (e.g., structure, formulation,
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preparation), but can be controlled to some extent by reaction
conditions (e.g., type of fuel, steam to carbon ratio, oxygen to
carbon ratio, temperature).

Extensive studies have been devoted to carbon deposition
during methane reforming on nickel-based catalysts. The main
foci have been the identification of carbon type and morphol-
ogy, nucleation and growth mechanisms, the influence of re-
action conditions and catalyst structure, and modifications to
reduce carbon formation. Graphitic carbon on a nickel surface
was first reported by Dent et al. [3]. Rostrup-Nielsen et al.
identified carbon deposits on nickel catalysts in form of fila-
ments [4], and subsequent studies confirmed this observation
[5-8]. Additional studies have revealed a variety of types, mor-
phologies, and chemistries of carbon deposited on nickel cata-
lysts depending on the reaction conditions and carbon sources
used [2,6,9—12]. The generally accepted mechanism for carbon
filament formation is bulk diffusion of carbon through nickel
particles to form metastable carbide intermediates at the end of
the filaments [2,6,7,11,13,14]; however, an alternative mecha-
nism for the growth of filamentous carbon, via surface diffusion
of carbon to the edges of nickel particles, has been demon-
strated recently [15-18].

Studies of the relationship between carbon deposition and
catalyst structure during hydrocarbon reforming have revealed
that support modification and nickel crystallite size have signif-
icant effects on carbon formation [17,19,20]. Other efforts have
investigated the improvement of carbon resistance by modify-
ing the surface structure of Ni-based catalysts, using additives
to form alloys [2,17,21-26] or to promote surface properties
[27-29]. Sulfur passivation also has been demonstrated to in-
hibit the rate of carbon formation more than the rate of reform-
ing [30]. Alloying is thought to inhibit carbon accumulation
by decreasing the carbon deposition rate or increasing the car-
bon gasification rate [13,31]. Bulk carbon is not formed when
the gasification rate is greater than the deposition rate [32].
Density functional theory (DFT) has shown that on a Ni—-Sn
alloy, the barrier to C—O bond formation (i.e., carbon gasifi-
cation) is lower than the barrier for C—C bond formation (i.e.,
carbon deposition), in contrast with monometallic nickel, for
which the two barriers are about the same [26]. Another method
for inhibiting carbon formation is the use of basic supports or
basic metal oxide promoters [2,33,34]. Commercial methane-
reforming catalysts, in fact, are promoted by the addition of
alkali and alkali earth, although this results in a decrease of re-
forming activity [2]. Recent efforts have been made to minimize
carbon formation using rare earth oxides, especially CeOy, as
additives or catalyst supports [21,35,36]. The pronounced re-
sistance of CeO» to carbon formation is attributed to improved
carbon gasification rates [37-39]. In addition, in a methane dry-
reforming study, nickel supported on mixed Ce-Zr-O proved
beneficial for suppressing the formation of inactive carbon de-
posits [40].

The use of hydrocarbons heavier than methane presents an
increased risk of carbon formation [41]. Due to the motiva-
tions discussed above, however, considerable attention has re-
cently been paid to hydrogen production from liquid fuels via
ATR [42] both for distributed electricity generation [43] and

on-board vehicle applications [35,44,45]. Pt/CeO, is an active
catalyst and shows robust resistance to carbon formation dur-
ing ATR of liquid fuels [35,46,47]. Because platinum is ex-
pensive, ceria has poor thermal stability, and zirconia shows
a high ability to inhibit carbon formation by promoting the
gasification rate [48], a catalyst based on nickel- and zirconia-
stabilized ceria should be promising for liquid fuel ATR [44,
45,49]. But deactivation due to carbon deposition is a problem
that still must be solved for the nickel-supported ceria—zirconia
system, particularly at high nickel loadings [50]. Although a
great deal about carbon formation during methane reforming
has been learned, it remains to be seen whether the principles
and strategies developed to reduce carbon deposition in that
system can be applied to the reformation of liquid fuels. To
prevent deactivation due to carbon deposition [26,45,50], it is
necessary to identify the types of carbon formed and the rela-
tionship of carbon deposition and nickel loading. The current
work presents a combined identification and characterization
of carbon deposited on nickel-based ceria—zirconia catalysts of
different nickel loadings during isooctane ATR. One of the ob-
jectives is to distinguish between carbon overlayers (‘“coating
carbon”) and filamentous carbon; however, it is not the purpose
of this work to study the detailed nature of nanotubes, such as
identification of single-walled versus multiwalled nanotubes.

2. Experimental
2.1. Preparation of fresh NiO/Ce—Zr—O

The ceria—zirconia mixed oxide (CZO) with a composition
of Ceq 75719250, was synthesized by coprecipitating a mixed
aqueous solution of Ce(NO3)3 and ZrOCl; salts using ammo-
nium hydroxide as a precipitating agent. The precipitate was
recovered by filtration and washed with deionized water, dried
at 110°C, and finally calcined at 600 °C in air for 2 h. Nickel
oxide supported on CZO (NiO/CZO) with different nickel load-
ings was prepared by incipient wetness impregnation using an
aqueous solution of nickel nitrate. After impregnation, the cat-
alyst was dried at 110 °C and calcined at 600 °C in air for 1 h.

2.2. Autothermal reforming and carbon deposition

Carbon deposition was carried out during ATR of isooctane
(iCg-ATR) using approximately 80 mg of catalyst mixed with
240 mg of silica gel. The silica gel was calcined at 850 °C in
air before use and was of the same particle size as the cata-
lyst (60—80 mesh). The catalyst and diluent mixture was loaded
into a %—inch-diameter quartz reactor tube and reduced in situ
at 600 °C under a flow of 350 ml/min of 5% Hj in Nj. The
reduced catalyst, Ni/CZO, is designated xxNi/CZO, where xx
represents the weight percent nickel loaded on CZO, as shown
in Table 1.

Various iCg-ATR operations were run over Ni/CZO cata-
lysts under different reaction protocols to investigate catalyst
deactivation due to carbon deposition [50]. As shown in the
iCg-ATR protocol in Fig. 1, the reaction procedure in this work
was started at 300 °C using a fuel flow rate of ~0.14 g/min,
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Table 1

Physicochemical properties of NiO/CZO and Ni/CZO

Sample Ni NiO/CZ0O? Ni/CZO*

(wWt%) BET Average grain sizeP Dispersion Ni surface area Particle size
(n’/g) NiO Czo %) (m?/gea) (m? /i) (nm)
(nm) (nm)

INi/CZO 1 57 n.d. 13.4 3.1 0.21 21 33

2Ni/CZO 2 53 n.d. 13.1 3.4 0.45 23 30

5Ni/CZO 5 43 12.6 12.6 2.7 0.90 18 38
3.2d 1.07 21 32
2.6° 0.86 17 39

10Ni/CZO 10 42 20.9 12.7 1.6 1.04 10 65
164 1.08 11 62

15Ni/CZO 15 44 31.1 12.4 1.0 0.99 7 103

@ Fresh NiO/CZO after calcining Ni(NO3),/CZO at 600 °C in air.
b Estimated by Scherrer’s equation from XRD patterns.
¢ Estimated from CO chemisorption after 600 °C reduction by Hy flow.
d Estimated from Hj chemisorption after 600 °C calcination.
¢ Estimated from Hy chemisorption after 650 °C calcination.
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Fig. 1. iCg-ATR protocol over Ni/CZO catalysts.

an O/C ratio of 0.5, a HyO/C ratio of 1.8, and 500 ml/min
of argon (GHSV = 700,000 h~1), with the furnace ramped to
650 °C at a rate of 2°C/min and held at 650 °C for 175 min.
Then the H>O/C ratio was decreased to 0.8, and the argon flow
was stopped, to create severe conditions conducive to carbon
deposition. The catalyst was held under these conditions for an-
other 160 min. The reactant flow was then stopped and replaced
with nitrogen while the reactor was cooled to room temperature.
A blank run following the same procedure was carried out using
only silica gel. Reaction products were passed through a stain-
less cold water condenser and then through a knockout vessel
positioned in an ice bath to collect excess water and unreacted
hydrocarbons. After the knockout, gas products were analyzed
by an online gas chromatograph (Varian CP-3800) equipped
with a thermal conductivity detector using argon carrier and a
10-ft Carbosphere 1000 packed column (Alltech). Molar frac-
tions Y of Hp, O, Np, CO, CHy, and CO; in the product were
determined. Isooctane conversion (Xjcg) was calculated using
the gas-phase-containing products, CO, CHy, and CO3,, accord-
ing to the following formula [45]:

FN,in - (Yco + Yeo, + Yoy out
YNz,Out : (8 : ECngg,il’l)

Xicg =

Accordingly, the H; yield was represented by

FH2,out

Yg, = ———.
2
9 - FicgH,5,in

In the foregoing equations, F represents the molar flow rate of
the subscripted species in mols ™.

2.3. Regeneration of spent catalyst after iCs-ATR

After iCg-ATR, the spent catalyst samples (Ni/CZO and
Si0,) were regenerated at 600 °C by oxidation under flowing
dry air for 1 h, flushing with nitrogen for 15 min, and then re-
duction under 5% H,/N, for 2 h.

2.4. Catalyst characterization

The BET specific surface areas of the fresh catalysts (NiO/
CZO) were measured using nitrogen physisorption at —196 °C
using a Quantachrome CHEMBET-3000. CO and H, chemi-
sorptions were carried out to determine metal nickel dispersion,
nickel surface area, and nickel crystallite size using a Quan-
tachrome CHEMBET-3000 and a Micromeritics ASAP 2020,
respectively. For CO chemisorption, the calcined samples were
degassed at 350 °C under a N flow for 2 h, and then reduced in
situ under a 30% H»/N, flow of 80-100 ml/min at 600 °C for
1 h before CO pulse chemisorption at 35 °C. For Hy chemisorp-
tion, the samples were reduced in situ under a Hy flow of 60—
80 ml/min at 600 °C for 2 h, after which the analysis procedure
was conducted. The H, chemisorption data were collected at
35°C. The metal dispersion was calculated by assuming an
adsorption stoichiometry of one CO molecule or one H atom
per one exposed nickel atom. Powder X-ray diffraction (XRD)
was used to identify the crystallographic phases of fresh and
spent catalyst samples. XRD experiments were carried out on a
Rigaku rotary anode instrument using CuK « radiation at 40 kV
and 100 mA. To characterize carbon-hydrogen bonds of carbon
deposits, the infrared spectrum of the spent catalyst was col-
lected from samples pressed into a KBr pellet in a Perkin—Elmer
FT-IR SPECTRUM 2000. Temperature-programmed oxidation
(TPO) of carbon present on spent catalysts was performed un-
der dry air flow in a Perkin—Elmer TGA-7 thermogravimetry
analyzer (TGA) coupled to a Perkin—Elmer FT-IR SPECTRUM
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2000 (KBr optics) for characterization of evolved gases. The
TGA heating ramp (R = 10°C/min) was synchronized with the
FTIR (3.6 s/scan). The spectra of evolved gases were collected
using TimeBase software in the range of 450-4000 cm™!

X-ray photoelectron spectroscopy (XPS) was performed on
the fresh and spent catalysts to characterize the status of dif-
ferent types of carbon species deposited on Ni/CZO using a
Kratos Axis Ultra XPS analyzer. Samples post isooctane ATR
were ground into powder form and then pressed onto the sur-
face of 0.25-mm-thick indium foils. Before XPS analysis, the
samples were evacuated in the sample chamber for at least
4 h until a pressure <5 x 10~7 Torr was reached, then trans-
ferred into the analysis chamber, where they were evacuated
at <5 x 1072 Torr overnight. The XPS was operated using
a mono-aluminum source at 10 mA and 15 kV. The choices
of scan number and pass energy for individual elements were
based on element surface concentration and signal intensity
(count per second [cps]); for example, a pass energy of 20—
40 eV and 40-80 scans were applied for adventitious carbon
(Cls) scanning on fresh NiO/CZO samples, compared with a
pass energy of 10 eV and 60-100 scans for Cls scanning of
carbon-deposited catalysts. A pass energy of 40 eV was used
for Ni2p and Zr3d scanning for both the fresh and carbon-
deposited catalysts. During XPS spectra acquisition, the sample
charge neutralizer was activated, to eliminate surface charging
for electrically nonconductive samples. All binding energies of
XPS spectra found in this work are reported as raw data with
no correction relative to adventitious carbon (which normally is
adjusted to 284.5 eV), to facilitate the comparison of adventi-
tious carbon and deposited carbon species.

Scanning electron microscopy (SEM) imaging of the fresh
and spent catalyst morphology was carried out and compared
using a FEI Nova Nanolab and a Philips XL30FEG instrument.
Energy-dispersive X-ray spectroscopy (EDS) microanalysis
performed on an EDAX system was coupled with the SEM
for surface elemental analysis. The SEM was done at 10-15 kV
and 0.14-0.58 nA, depending on the surface charging of the
samples. The SEM specimen preparation was varied depend-
ing on electrical conductivity of the samples. Unless otherwise
noted, the specimens were typically prepared by loading the
ground catalyst onto an AI-Mg alloy holder without Au coat-

ing.
3. Results

3.1. Surface area, crystallographic phase, and nickel
dispersion of catalysts

The physicochemical properties of fresh NiO/CZO and re-
duced Ni/CZO catalysts with different nickel loadings are listed
in Table 1. The specific surface area of synthesized CZO after
calcination at 600 °C was 60 m?/g. Adding nickel at 1 and 2%
decreased the catalyst surface area by 5 and 12%, respectively.
Increasing the nickel loading to 5% decreased the surface area
by 28%, to 43 £ 1 m2 /g, but further increases in nickel load-
ing up to 15% did not change the surface area any further. The
average grain size of CZO as determined from an XRD line-
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Fig. 2. XRD patterns of fresh NiO/CZO (5% Ni) and spent Ni/CZO catalysts
with Ni loading of 5% and 15% following iCg-ATR.

broadening analysis was about 13 nm. Fig. 2 shows the XRD
patterns of fresh NiO/CZO, which are in good agreement with
published patterns of Ceg 75Zrp 250, (PDF 00-028-0271). Two
additional weak peaks can be seen at 43.3° and 37.3° corre-
sponding to (012) and (101) reflections of nickel oxide. After
reduction in hydrogen, these two additional peaks appeared at
44.5° and 51.8°, corresponding to the (111) and (200) reflec-
tions of metallic nickel (PDF 00-004-0850).

The nickel particle size as measured from CO chemisorp-
tion was 30-33 nm for nickel loadings in the range of 1-2%
but grew to 38, 65, and 103 nm as nickel loading was increased
to 5, 10, and 15%, respectively, indicating that the nickel dis-
persion decreased with increasing nickel loading. If, for argu-
ments sake, the nickel dispersion of all samples was assumed
to be 3.1% (the dispersion level observed for the 1% Ni sam-
ple), then the expected metal nickel surface area would be 0.21,
0.42, 1.05, 2.10, and 3.15 mz/gcat for nickel loadings of 1, 2,
5, 10, and 15%, respectively. However, the actually measured
surface areas of metallic nickel were much lower: 0.21, 0.45,
0.90, 1.04, and 0.99 mz/gcat, corresponding to 21, 23, 18, 10,
and 7 m?/g;, respectively.

There were three regimes of nickel loading on CZO: (1) in
the nickel range of 1-2 wt%, doubling the nickel loading
roughly doubled the nickel surface area, because the nickel par-
ticle size was maintained at the same level due to abundant
surface area of CZO; (2) in the range of 2-10%, additional
nickel increased the total metal surface area, but the increase
was no longer linear because the particle size also increased;
and (3) going from 10 to 15% nickel loading, the metal sur-
face area remained nearly constant due to the decreased nickel
dispersion and the increased particle size. This indicates that
the nickel particles are growing at high metal loadings, prob-
ably due to a lack of unoccupied sites on the CZO support.
The variations in BET surface area, nickel particle size, and sur-
face area with changes in loading suggest that at low loading,
the NiO precursor derived from Ni(NO3), impregnation was
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located preferentially inside the pores of CZO aggregates, re-
stricting the final size of the metal crystallites. As more nickel
was added, the NiO precursors required more than the avail-
able pore space and started to deposit on the external surface.
Once this point was reached, there was no further increase of
metal surface area on CZO with increasing nickel loading. The
size of the nickel particles outside of the CZO pores was un-
restricted, and these particles were free to grow as the nickel
loading was increased, resulting in the observed increased in
nickel particle size from 30 to 103 nm. It should be noted that
the so-called “pores” of the support CZO resulted from packing
together CZO aggregates of different sizes, with each aggre-
gate composed of many smaller (~13 nm) CZO crystallites.
During catalyst preparation by impregnation, these pores filled
with Ni(NOj3), precursor, and upon calcination, NiO was dis-
tributed on the internal surface of these pores.

H;, chemisorption was also carried out on 5Ni/CZO and
10Ni/CZO catalysts after calcination and H; reduction at
600 °C to compare the nickel dispersion obtained from CO
chemisorption. The nickel particle sizes were 32 nm for
5Ni/CZO and 61 nm for 10Ni/CZO, consistent with the CO
chemisorption results (Table 1).

3.2. Autothermal reforming and carbon deposition

Autothermal reforming is a complex combination of steam
reforming and partial oxidation, with some contributions from
the water—gas shift. It is still not clear whether the carbon for-
mation during iCg-ATR is a byproduct of the steam-reforming
reaction or the partial oxidation pathway; nonetheless, we do
know that carbon formation is dependent on catalyst formula-
tion and reaction conditions, such as temperature, O/C ratio,
and H,O/C ratio [50]. Higher temperature and higher O/C and
H,O/C ratios favor decreased carbon formation. Once the re-
action temperature is fixed, deactivation due to carbon forma-
tion depends mainly on the concentration of iCg in the feed
stream and on the ratios of O/C and H,O/C. Extensive in-
vestigations of iCg-ATR over Ni/CZO catalysts revealed only
minimum carbon deposition under the reaction conditions of
stages A-C in Fig. 1. As the reaction temperature increased
from 300 to 650°C with O/C = 0.5 and H,O/C = 1.8, as
shown in Fig. 3, both the extent of isooctane reformation (i.e.,
the iCg conversion to CO, [CO and CO;] and CHy) and the
hydrogen yield increased. Higher nickel loadings gave higher
conversion and hydrogen yields, because nickel was the ac-
tive site for iCg conversion and Hy production. During stages
B and C, at 650°C with O/C ratio of 0.5 and an H,O/C ra-
tio of 1.8, the catalysts with nickel loadings >10% showed
decreases in both iCg conversion and Hj yield, whereas the
catalysts with nickel loadings <5% showed no evidence of de-
activation for both iCg conversion and Hj yield, in agreement
with iCg-ATR on the Pt/Ce-Zr-O catalyst [44]. On decreas-
ing the H,O/C ratio to 0.8 and cutting out the Ar flow (stages
C and D in Fig. 1), the catalysts with nickel loadings >5%
showed mild decreases of iCg conversion, whereas those with
nickel loadings <2% demonstrated stable iCg conversion. All
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Fig. 3. Comparison of iCg conversion (A) and hydrogen yield (B) under dif-
ferent reaction stages of iCg-ATR over Ni/CZO catalysts with different nickel
loadings.

of the Ni-containing catalysts exhibited a sharp decrease in H»
yield.

As shown in Fig. 3, the support Ce—Zr—O by itself is an
active oxidation catalyst for isooctane. Related work in our
laboratories on monolith-supported nickel/CZO catalysts (not
shown) showed that Ce—Zr—O oxide can also act as an oxida-
tion catalyst for dodecane.

The catalyst series used in this study were characterized af-
ter calcination at 600 °C, because they were originally intended
for use in an iCg-ATR study at 600 °C. In the course of the
present carbon deposition study, we evaluated carbon deposi-
tion at reaction temperatures of 500, 600, and 650 °C. As men-
tioned above, a reaction temperature of 650 °C was better for
H; yield and iCg conversion without excessive carbon deposi-
tion under the ATR conditions of O/C = 0.5 and H,O/C = 1.8.
However, as can be seen from the additional data in Table 1,
calcining the catalyst at 650 °C did not change the Ni parti-
cle size significantly. After calcining the SNi/CZO catalyst at
650 °C for 1 h, Hy chemisorption showed a Ni particle size of
39 nm, close to the particle size obtained after calcination at
600 °C.



X. Chen et al. / Journal of Catalysis 251 (2007) 374-387 379

3.3. Deposited carbon characterization by FTIR, TGA, XRD,
and XPS

FTIR framework vibration analysis using a KBr pressed pel-
let of the spent SNi/CZO catalyst exhibited no evidence of C-H
bonds. Furthermore, during TPO of spent catalysts analyzed
by TGA-IR, the IR spectra of evolved gases showed no wa-
ter peaks in the range of 1340-1860 cm™! even for the spent
15Ni/CZO catalyst with 88% of deposited carbon.

The total amount of carbon deposited on the spent cata-
lysts and the peak temperature of oxidation were determined by
TGA. Fig. 4 shows the derivative thermal gravimetric (DTG)
change versus temperature and the integrated intensity of the
evolved CO; band versus temperature obtained from online IR
spectra. At 1% nickel loading, only a low-temperature peak
at 392 °C (carbon T39p) was observed in the DTG curves. In-
creasing the nickel loading to 2% produced a second high-
temperature peak at 572 °C (carbon Ts77). The presence of two
TGA peak temperatures indicates that two different types of
carbon were deposited. The peak intensity of carbon T3¢y and
the peak position of carbon Ts7, did not change as the nickel
loading increased, but the higher the nickel loading, the more
carbon was deposited in the carbon Ts7, form, as shown by the
DTG and FTIR results. The approximate 6 °C difference be-
tween the peak temperatures observed in TGA and FTIR can be
attributed to the flow delay between the TGA and FTIR sample
cell.

Quantitative estimation of deposited carbon from thermo-
gravimetric curves, as shown in Table 2, was done by calcu-
lating the weight loss at 250-440 °C for carbon T39y and 440-
700 °C for carbon Ts7,. In the samples diluted with silica, the
total amount of carbon deposited during iCg-ATR ranged from
1.6-64.7 wt% over the nickel loading range of 1-15%. No car-
bon deposition was observed when silica alone was used under
iCg-ATR conditions. The changes in the carbon deposition, cor-
rected by subtracting the weight of diluent silica, were much
greater than the changes in nickel loading. The distribution of
carbon mass between T39, and Ts72 types was also dependent
on the nickel loading. Most of the carbon on 1Ni/CZO was car-

2Ni/CZ0

5Ni/CZO

Derivative weight (%/°C)
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Table 2
Quantified deposited carbon measured by TGA-IR

Sample Carbon T39) CO, peak  (°C)
Total wt%-C  wt%?®  Ratio (%)

INi/CZO 1.62 6.6° 1.1 70 398

2Ni/CZO 3.1 12.6° 1.2 40 398 577

5Ni/CZO 27.42 60.2P 3.1 11 398 577

10Ni/CZO 39.82 72.6° 1.4 3 n.d. 577

15Ni/CZO 64.7% 88.0° 1.3 2 n.d. 577

4 Measured by catalyst—diluent (SiO,) mixture.
b Corrected by subtracting the weight of diluent SiO5.

bon Tz9,. The quantity of carbon Ts7; increased significantly
as the nickel loading increased.

XRD was performed on the spent Ni/CZO catalysts for
crystallographic-phase characterization of deposited carbon
species. Fig. 2 shows the XRD patterns of the spent SNi/CZO
and 15Ni/CZO catalysts. Note that the broad peak at 26 of 20—
25° in Fig. 2 reflects the diffraction of silica diluent. For the
catalysts with >5% Ni loading, two weak peaks besides those
of CZO were observed at 44.5° and 51.8° that are indicative
of metallic nickel. Surprisingly, no peaks indicative of nickel
carbide and only a very small peak corresponding to graphite
reflections were found on 5Ni/CZO, even though the carbon
deposition reached 60.2 wt%. But a strong graphite peak was
observed for the 15Ni/CZO sample, with the amount of car-
bon deposition increasing to 88.0 wt%. In this case, very strong
metallic nickel peaks were observed, but no evidence of the
presence of nickel oxide or nickel carbides was found.

XPS performed to characterize the chemical status of de-
posited carbon species showed two different carbon-binding
energies present that could be attributed to deposited carbon, in
agreement with the TGA results. Fig. 5 shows Cls core spec-
tra of fresh 2Ni/CZO (2% NiO/CZO) and spent catalysts in the
nickel loading range of 1-5%. Fresh 2Ni/CZO showed a weak
(PE =20 eV) Cls peak at 282.1 eV. This peak can be assigned
to adventitious carbon. The adventitious carbon on the sample
surface may originate from the atmosphere, sample handling,
and the contamination in the XPS chamber. The 1Ni/CZO spent
sample showed a strong carbon peak (PE = 10 eV) located at

B 577

Integrated CO, band (a.u.)

: 5NICZO
e sl PR anyozo)
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0 200 400 600 800 1000
Temperature (°C)

Fig. 4. Derivative thermal gravimetric curves (A) and integrated IR bands of evolved CO, (B) of spent Ni/CZO catalysts with different nickel loadings.
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Fig. 5. Cls core spectra of fresh NiO/CZO (2 wt% Ni) and spent Ni/CZO cata-
lysts with different nickel loadings.

281.5 eV and a shoulder peak at 282.4 eV originating from the
adventitious carbon. The intensity of the Cls peak at 281.5 eV
was stronger than that of the peak at 282.4 eV. The peak at
281.5 eV can be attributed to carbon deposited on Ni/CZO dur-
ing iCg-ATR; the spent 2Ni/CZO catalyst showed a similar Cls
peak at 281.8 eV when the same pass energy (PE = 10 eV)
was applied. The spent 2Ni/CZO catalyst showed adventitious
carbon at 282.6 eV and an additional Cls peak at 284.4 eV.
The latter Cls peak represents a second type of deposited car-
bon species. These two XPS Cls peaks assigned to deposited
carbon are consistent with the two distinct peak temperatures
in TGA. However, the spent catalysts with Ni loadings >5%
showed only one strong peak at 284.5 eV and a nonpronounced
adventitious carbon peak. On comparison with the spectra of
the 2Ni/CZO sample, this single peak can be attributed to the
second type of deposited carbon, indicating that the surface of
this catalyst was totally covered by the second type of deposited
carbon.

It should be pointed out that XPS of Ni2p can be useful in
identifying the status of Ni species, including the presence of
carbides. However, even for the fresh NiO/CZO (2% Ni load-
ing) sample, only a weak Ni2p signal attributed to NiO was
detected. For all postreaction samples with nickel loading in the
range of 1-15%, no Ni2p XPS peaks were detectable because
of carbon deposition on the surface.

3.4. Carbon deposition characterization by scanning electron
spectroscopy

Both TGA-IR and XPS analysis indicated that two types
of carbon species, carbon T39y and carbon Ts7,, were formed
on Ni/CZO during iCg-ATR. Whereas the amount of carbon
T392 was independent of nickel loading, the amount of carbon
Ts72 was closely related to nickel loading. Graphitic carbon

Fig. 6. Comparison of morphological texture of fresh NiO/CZO (2 wt% Ni)
(A) and spent INi/CZO (B). The samples were not coated with Au prior to
SEM.

was only detected by XRD, however, at very high carbon ac-
cumulations (>60.2 wt%). XPS indicated that carbon T39, was
formed before carbon Ts57,. To gain insight into the nature of
deposited carbon and the relationship between carbon forma-
tion and nickel loading, we studied the morphologies of these
different types of carbon species on the spent catalysts using
SEM.

3.4.1. Spent INi/CZO and fresh 2NiO/CZO catalyst

Fig. 6A shows an SEM image of fresh 2% NiO/CZO.
Here the estimated precursor size is approximately 20 nm, in
good agreement with the crystal size obtained from XRD line-
broadening analysis. These precursor particles formed aggre-
gates with 0.1-0.5 um. Fig. 6B shows an SEM image of spent
INi/CZO after iCg-ATR. Although TGA showed a carbon de-
position of 6.6% after iCg-ATR, it revealed no carbon filaments.
But the images of the spent catalyst were much sharper than
those of the fresh catalyst. The precursor size also increased
to approximately 25 nm. When the fresh 2Ni/CZO and spent
INi/CZO were coated with Au before SEM analysis, the im-
ages obtained for both samples became much sharper. Clearly,
deposition of carbon T39, produced an effect similar to Au coat-
ing. Thus, it can be inferred that carbon was present as a thin
coating layer formed on Ni/CZO under carbon deposition con-
ditions. The effect of this “coating carbon” deposited during
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Carbon

Fig. 7. SEM images of spent 2Ni/CZO catalyst that show different domains.

autothermal reforming is very similar to the effect of carbon
sputter-coated to make insulating SEM samples conductive.

3.4.2. Spent 2Ni/CZO catalyst

Filamentous carbon could be readily observed on the 2Ni/
CZO catalyst after iCg-ATR. Examination and scanning of
many sample regions revealed four apparent domains on the
spent catalyst surface: silica, Ni/CZO, a mixture of Ni/CZO
and filamentous carbon, and closely packed carbon filaments
(Fig. 7).

TGA analysis showed no weight loss from SiO; used under
carbon deposition conditions. Elemental microanalysis of the
silica domain in 2Ni/CZO showed no carbon, with Si giving

the highest-intensity signal (Fig. 8). The texture of this sil-
ica domain was smooth (see Fig. 7A). The Al signal observed
is due to the sample holder. The atom % composition in this
domain, estimated by EDAX ZAF quantification through stan-
dardless element normalization, was 59.97% (O), 6.21% (Al),
33.01% (Si), and 0.81% (Ce). The Ni/CZO domain without car-
bon filaments in the lower right region of Fig. 7A demonstrated
a morphology indicative of coating carbon deposition, similar
to that of the spent 1Ni/CZO. The particle size in this region
was estimated to be 25 nm. Although no filaments were vis-
ible, EDS of this domain gave a carbon signal approximately
half as intense as that of the Ni/CZO + carbon domain. An en-
largement of the Ni/CZO + filamentous carbon region, given
in Fig. 7B, shows that these filaments are closely associated
with Ni/CZO and are carbon nanotubes approximately 12 nm
in diameter. The Ni/CZO precursor particles not covered by fil-
aments have a diameter of approximately 25 nm and form large
aggregates. The EDS results for this region, given in Fig. §,
showed an atom % composition of 56.56% (C), 31.23% (O),
2.23% (Al), 2.16% (Si), 1.59% (Zr), and 6.23% (Ce). These
results indicate the presence of two types of carbon with dif-
ferent morphologies on the spent Ni/CZO catalyst. In addition
to carbon filaments growing on Ni/CZO, other domains con-
taining only carbon filaments also were observed, as shown in
Fig. 7C.

An attempt was made to explore the relationship between
the two types of carbon. Fig. 9 presents an SEM image of
2Ni/CZO after iCg-ATR. This image shows clearly distinguish-
able domains of coating carbon and filamentous carbon on a
single Ni/CZO aggregate. The coating carbon morphology is
similar to that observed on spent 1Ni/CZO. The ratio of X-ray
counts per second (cps) of the coating carbon region to the fil-
amentous carbon region is about 1.60. This is close to the ratio
of the weight loss of the carbon T3> and carbon Ts7; (1.63)
reported in Table 2. Based on inspection of Fig. 9, it seems
possible that carbon might be first deposited as coating carbon
and then transformed to the filamentous form if both types are
associated with nickel, but the evidence of this is not yet con-
clusive.

3.4.3. Spent SNi/CZO catalyst

Fig. 10 shows the SEM images and EDS microanalysis ob-
tained for SNi/CZO after iCg-ATR. In the SEM image, silica
has a smooth texture and thus can be clearly distinguished from
spent Ni/CZO. EDS of the silica domains revealed no carbon
deposits. Significant carbon deposits in the form of filaments
were observed in the Ni/CZO domain. This is consistent with
the increased mass of carbon Ts7, found during TGA (Fig. 4;
Table 2). Fig. 10B shows these carbon nanotubes with an av-
erage diameter of 12 nm. This is the same average diameter
found at lower nickel loadings. EDS results showed very strong
carbon signals, with a carbon-to-cerium ratio of about 58, com-
pared with 3.6 in similar domains on the spent 2Ni/CZO shown
in Fig. 7C. Taken together, these results confirm that the Ts7,
species is filamentous carbon and that its deposition is depen-
dent on nickel loading.
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Fig. 8. Typical energy dispersive X-ray spectroscopy (EDS) of different domains of spent 2Ni/CZO catalyst. EDS was performed on a Philips XL30FEG scanning
electron microscope with EDAX.
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Fig. 9. SEM image of spent 2Ni/CZO catalyst with EDS analysis of filamentous carbon and Ni/CZO domains.

3.4.4. Regeneration of Ni/CZO catalyst the metallic nickel decreased surface charging. As mentioned

The deposited carbon was removed by exposure to oxygen above, no significant nickel particle size change was observed
at elevated temperature. Fig. 11 shows the SEM image of spent ~ from H; chemisorption on comparing the SNi/CZO catalyst
5Ni/CZO that was oxidized and then reduced at 600 °C un- after treatment for 1 h at 600 and 650 °C, respectively. Support-
der 5% H»/N,. The particles composing the larger aggregates ing evidence indicating that going from 600 to 650 °C did not
were close in size to the particles of the freshly prepared cat- significantly change the Ni particle size came from a system-
alyst before iCg-ATR, with no obvious sintering. The images atic comparison of the influence of calcination temperature on
obtained were sharper than in the fresh sample, indicating that ~ nickel particle size in a similar catalyst system. H, chemisorp-
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Fig. 10. SEM images and EDS of spent SNi/CZO: (A) mixture of Ni/CZO and diluent SiO,; (B) filamentous carbon domain.

tion on monolith-supported 2% Ni/CZO catalysts gave Ni parti-
cle sizes of 21, 27, 33, 37, 50, and 176 nm after 1 h calcination
at 600, 700, 800, 900, 1000, and 1100 °C, respectively, prov-
ing that the nickel particle size does not change much below
900 °C.

4. Discussion
4.1. Carbon formation on Ni-based catalysts

Carbon formation on Ni-based methane steam-reforming
catalysts remains a topic of widespread investigation, with the
goal of improving catalyst activity and lifetime. There is scant
literature dealing with carbon formation during ATR of heavy
feeds; therefore, our discussion is based mainly on results of our
work in the context of published results on methane reforming.
In general, three types of carbon have been identified on Ni-
based steam reforming catalysts: pyrolytic, filamentous, and en-
capsulating [2,51]. The critical parameters that affect formation
of these carbon species include reaction temperature, reactant
composition, HyO/C and/or O/C ratio, and the surface prop-
erties of the catalyst. According to Rostrup-Nielsen’s review
[2] for the formation of different carbon species during cat-
alytic steam reforming, pyrolytic carbon is derived from ther-
mal cracking of the feed hydrocarbons at temperatures above
597 °C with a low H,O/C ratio over acidic catalysts. Whisker

Silica

Regenerated SNI/CZO
=200 ==

Fig. 11. SEM image of a mixture of regenerated SNi/CZO catalyst and diluent
SiOs.

(filamentous) carbon formation occurs at temperatures above
447 °C with a low H,O/C ratio and aromatic feeds. On nickel
catalysts, the structure of filamentous carbon is generally re-
ported as graphitic [17]. Encapsulating carbon is a film of non-
reactive deposits that contain C—H bonds and is produced on
nickel surfaces through polymerization at temperatures below
497 °C at low H,O/C ratios and aromatic feeds. The formation
of encapsulating carbon results in progressive catalyst deac-
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tivation [2]. Alternative pathways, the influence of formation
conditions, and a dependence on carbon source have been re-
ported [52-55].

ATR of isooctane is a more complex process than methane
steam reforming, not only because it incorporates partial ox-
idation as well as steam reforming, but also because of the
increased complexity of the hydrocarbon structure containing
several different C—-H and C-C bonds. Both TGA and XPS
demonstrated the presence of two types of carbon species in
spent catalysts. Combined analysis of TGA, XPS, and SEM
clearly showed that coating and filamentous carbon species
were formed on Ni/CZO during iCg-ATR. For the catalysts
with nickel loadings <5%, both coating and filamentous carbon
(nanotubes) were X-ray amorphous. Because IR analysis of the
spent catalysts did not show any C—H vibrations, and because
no water was evolved during oxidation of the deposited car-
bon, the lack of C—H bonds in the carbon deposits rules out the
possibility of encapsulating carbon. A reasonable explanation
for the absence of encapsulating carbon in our catalyst system
is that Ce—Zr-O is a weak basic oxide that should prevent hy-
drocarbons from coking, whereas acidic supports like zeolites
facilitate coking [56]. Similarly, recent unpublished TPO/IR ex-
periments on Ni/CZO catalysts have failed to show water evo-
lution from carbon deposited during isooctane decomposition
under N, atmosphere, or during n-dodecane ATR. It is unlikely
that the carbon formation is derived purely from thermal pyrol-
ysis of isooctane because no measurable carbon was formed
during reaction on SiO;. If pyrolysis is important, then py-
rolytic carbon should have been observed during reaction over
Si0;, because the formation route is homogeneous and inde-
pendent of the catalyst surface.

The formation of carbon species (coating and filamentous
carbon) does not appear to follow the carbon formation mech-
anism active during methane steam reforming, where the fila-
ments are graphitic and methane decomposition and/or CO dis-
proportionation (Boudouard reaction) are the primary sources
of carbon. Filamentous or inactive carbon species were formed
from CO disproportionation at high temperatures [57]. Con-
trolled atmosphere electron microscopy has shown that during
nickel-catalyzed decomposition of acetylene at 600 °C, amor-
phous carbon can nucleate around nickel particles and spread
over the entire solid [8]. However, it was found that on an
alumina-supported nickel methanation catalyst, amorphous car-
bon (B) is formed at 280 °C [10]. In additional experiments on
CZO0 and 5Ni/CZO used for iCg decomposition at 650 °C under
N, atmosphere, TGA-IR showed only one peak at 280-290 °C
for CZO, whereas for SNi/CZO two additional peaks were
found at temperatures close to those seen after iCg-ATR. Online
IR spectra of the decomposition products indicated the presence
of isooctane, isobutene, propylene, and methane. The methane
level in the products during iCg-ATR was <1 mol%, making
it unlikely that it acts as a significant carbon source. Based on
this, we suggest that carbon formation during iCg-ATR also in-
volves the participation of low-carbon number alkanes/alkenes
(C < 4) that are produced by catalytic cracking of isooctane. In
this case, if the breaking of C—H bonds of the cracked smaller
molecules is the primary source for deposited carbon, then the

H, partial pressure in the reactor would be expected to have
some effect on carbon deposition. But it is very difficult to iso-
late the effect of hydrogen partial pressure, because it increases
along the fixed-bed integral reactor. Judging from the results,
catalysts with different Ni loadings operating under very simi-
lar hydrogen partial pressure (Fig. 3B; HyO/C = 0.8) exhibited
very different carbon deposition rates (Table 2). Therefore, car-
bon deposition rates are primarily influenced by Ni loading or
nickel particle size.

The low-carbon number alkanes/alkenes (C < 4) observed
in the product stream most likely stem from oxidative crack-
ing or dehydrogenation of isooctane. Much work has been done
on catalytic cracking of heavy feeds and catalytic oxidative de-
hydrogenation of light hydrocarbons (C < 4). Unfortunately,
very little information exists on the catalytic oxidative crack-
ing [58] and dehydrogenation of isooctane. Two mechanisms
account for the cracking of hydrocarbons: the free radical mech-
anism that is based on the Rice—Kossiakoff theory [59] and the
carbonium ion mechanism that deals with catalytic cracking
based on surface acidity of catalysts. The oxidative cracking
and dehydrogenation of isooctane over a nonacidic Ni/CZO cat-
alyst should follow the free radical type mechanism. Based on
recent experiments of dodecane ATR on cordierite monolith-
supported Ni/CZO catalysts in our laboratory, we believe that
the production of H, and CO proceeds through catalytic oxida-
tive cracking and dehydrogenation of large hydrocarbon mole-
cules to C;—C4 hydrocarbons, followed by steam reforming of
these lighter hydrocarbons [60]. Isooctane has both tertiary and
secondary C—C bonds, with primary, secondary, and tertiary C—
H bonds. The C-H dissociation energy has the following order:
tertiary C-H (381 kJ/mol) < secondary C-H (397 kJ/mol) <
primary C-H (410 kJ/mol) < CH3-H (435 kJ/mol). Apply-
ing R-K theory, the probable products of isooctane primary
cracking would be isobutene, propylene, methane, hydrogen,
and adsorbed carbon. The products of oxidative dehydrogena-
tion would be isobutene, propylene, hydrogen, methane, CO
and adsorbed carbon. The adsorbed carbon should be one of the
sources of coating carbon. Another source of coating carbon is
probably derived from the further cracking or decomposition of
low-carbon number alkanes/alkenes (C < 4). It is well known
that amorphous carbon is reactive and can be removed by car-
bon gasification [10,61]. A balance between carbon deposition
and gasification is reached on the catalyst. This balance is in-
dependent of nickel loading and results in a constant amount of
coating carbon as quantified by TGA. In fact, the iCg decompo-
sition over 2Ni/CZO showed the formation of a saturation TG
curve of weight gain versus the decomposition time on stream
in the decomposition temperature range of 400-700 °C.

The mechanism of growth of filamentous carbon is not
clearly understood but very likely is quite complex. The car-
bon for filament formation on Ni/CZO is generated not only
by cracking, but also by decomposition of smaller hydrocar-
bons (alkanes and alkenes) derived from the primary cracking
of isooctane or the secondary reactions of the cracked frag-
ments. But the concentrations of these intermediate cracking
or decomposition products could not be determined, because
these products could not be sampled inside the catalyst bed. Al-
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though the formation steps of filamentous carbon are unclear,
our results on iCg conversion and H» yield (Fig. 3) indicated
that reaction stages C and D in Fig. 1 were mainly responsible
for the deposition of filamentous carbon.

To verify the assumption that most of the carbon deposition
occurred during stages C and D, we conducted some additional
experiments. iCg-ATR over 15Ni/CZO catalysts at 500 °C with
O/C = 0.5 and H>,O/C = 1.0 running for 293 min showed a
very low carbon deposition rate of 0.026 g/ mlz\Ii h. This demon-
strates that we can rule out significant carbon deposition at
reaction temperatures below 650°C. When the iCg-ATR run
was repeated over the SNi/CZO catalyst using the same pro-
tocol shown in Fig. 1 but stopping the reaction after reaching
point C, TPO of the catalyst showed a total carbon deposition
rate of only 0.060 g/ mﬁi h. This demonstrates that during stages
A, B, and C, only small amounts of carbon were deposited,
compared with the much higher overall carbon deposition rate
of 0.201 gC/ mlz\“h obtained when the entire A, B, C, and D
protocol of Fig. 1 was executed. These results confirm that the
most of the carbon observed postreaction was deposited during
stages C and D.

4.2. Carbon deposition and SEM resolution

As demonstrated on the spent 1Ni/CZO sample, the pres-
ence of coating carbon deposits reduced surface charging and
thus enhanced the SEM image resolution. Fresh NiO/CZO
showed poor image resolution compared with the same sam-
ple coated with Au. Rather than coating with Au, insulating
samples also may be coated with sputtered carbon before SEM
analysis to reduce surface charging. In fact, carbon coated onto
fresh NiO/CZO via sputtering during SEM sample prepara-
tion played a similar role in improving image resolution as the
deposited carbon in the post-iCg-ATR sample. Additional Au
coating on this post-iCg-ATR sample enhanced the SEM image
resolution, indicating that the post-ATR coating carbon (T397)
still was not sufficient to completely eliminate surface charg-
ing.

One remaining question is whether the low-temperature
TGA peak is due to coating carbon covering the surface or to the
presence of nickel carbide. Ni2p XPS spectra would be useful to
identify the presence of carbides. However, even for the nearly
carbon-free fresh 2Ni/CZO sample, the nickel signal was very
weak. For postreaction samples, no Ni2p XPS peaks were de-
tectable because of carbon deposition on the surface. XRD and
TGA provide evidence for ruling out nickel carbides. In TGA,
nickel carbides would give rise to a low-temperature peak due
to the low thermal stability of nickel carbide [62], and the inten-
sity of this peak should scale with increased nickel loading. But
TGA showed that the low-temperature carbon peak remained
almost constant in the nickel loading range of 1-15% after iCg-
ATR (Table 2). Furthermore, XRD patterns on spent 15Ni/CZO
catalyst showed the presence of metallic nickel with no peaks
attributable to carbide (Fig. 2). Thus, the low-temperature car-
bon peak can be attributed to coating carbon on the surface
rather than to carbide.

On catalyst samples with carbon deposits in form of fila-
ments, high-quality SEM images were obtained even without
any sputter coating of Au, because the carbon filaments are
good electrical conductors. Actually, trying to sputter Au onto
these samples proved detrimental, because it damaged the sur-
face morphology of the carbon nanotubes. In addition, higher
nickel loading and complete reduction of NiO to metallic nickel
were observed to improve SEM imaging.

4.3. Impact of Ni loading

The effect of nickel particle size on the diameter and for-
mation rate of filamentous carbon has received attention for
hydrocarbon steam reforming and production of carbon nan-
otubes and carbon nanofibers. The goal in steam reforming is
to inhibit the filament formation rate [17,20], whereas the goal
in carbon nanotube and carbon nanofiber production is to en-
hance the carbon formation rate [19,63]. Studies have shown
that the filament diameter is controllable and is very close to
the metal particle size [64]. Smaller nickel particles showed re-
sistance to carbon deposition during steam reforming due to the
higher saturation concentration of carbon on the nickel parti-
cles [19]. Larger nickel particles were found to have a higher
carbon deposition rate during methane decomposition [63] and
methane [19,38] and butane [20] steam reforming. When nickel
size was below a critical level, carbon filament formation or
growth did not proceed at all [17,20].

During iCg-ATR over INi/CZO catalyst with an average
nickel particle size of 33 nm, only coating carbon was formed.
As the nickel loading doubled to 2%, both coating and fila-
mentous carbon were formed, even though the average nickel
particle size remained similar (about 30 nm). Assuming a spher-
ical shape for nickel particles on CZO, the number of nickel
particles per unit surface area of CZO would be approximately
1.0 x 10'2/m? for this sample, roughly twice that of the 1%
sample. Because the only obvious difference between the 1 and
the 2% sample is the number of nickel particles on the support
surface, it is conceivable that the growth of filamentous carbon
may require not only a critical nickel particle size [17,19,20,63],
but also a certain minimum number of nickel particles per unit
support area. To better understand the effect of nickel particle
size on carbon formation during iCg-ATR, Fig. 12 summarizes
the correlation between nickel particle size and carbon forma-
tion rates of both coating as well as filamentous carbon. These
rates were estimated by dividing the total amounts of coating
and filamentous carbon deposited by the time of stages C and
D in Fig. 1, where most of the carbon deposition occurred.
The rates of coating carbon formation were low (0.04 g/ mlz\Ii h)
and independent of the nickel particle size; however, the fila-
mentous carbon formation rate increased with nickel particle
size. The filamentous carbon formation rate during iCg-ATR is
similar to that found for steam reforming of other hydrocar-
bons [17,20]. Furthermore, unlike CNT production from a C;
source (CO or CHy), no clear correlation was observed between
the nickel particle size and the diameter of carbon nanotubes
formed during iCg-ATR over Ni/CZO.
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Fig. 12. Correlation between nickel particle size and carbon deposition rate of
coating and filamentous carbon.

5. Conclusion

The present work has explored carbon identification and the
effects of nickel particle size on carbon formation during iCg-
ATR over Ni/CZO catalysts. Two types of carbon species, coat-
ing and filamentous carbon, were characterized by TGA, XRD,
XPS, and SEM. The filamentous carbon was present in form
of nanotubes, nanofibers, or a mixture of both with diameters
of about 12 nm, regardless of nickel particle size. The catalyst
with 1% Ni loading demonstrated coating carbon only, whereas
catalysts with Ni loading >2% showed both coating and fila-
mentous carbon species. For nickel loadings <5%, both coating
and filamentous carbon were X-ray amorphous, even though the
deposited carbon reached 60.2 wt%. As the nickel loading was
increased to 15%, XRD confirmed the presence of graphite in
the deposited carbon. The coating carbon formation rate was
low and independent of nickel loading and particle size. The
rate of formation of filamentous carbon increased with nickel
particle size. The onset of filamentous carbon growth may re-
quire a certain minimum number of nickel particles per unit
support area. Our findings suggest that during H, production
from liquid fuels on Ni/CZO catalysts, the growth of filamen-
tous carbon can be inhibited by using small nickel particle sizes
and by maintaining a low number of nickel particles per unit
support area.
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