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An investigation into the catalytic autothermal reforming (ATR) of a mixture of
n-octane and naphthalene (6 wt %), designed as a surrogate gasoline, is undertaken.
Carbon deposition on the metallic Ni catalyst has been aware of the main hurdle for
the catalytic reforming of hydrocarbons especially those with high carbon numbers.
This work develops NixPy crystallites on a CeO2 powder support by electroless nickel
plating and calcination. The catalyst exhibits nil coking extent after reforming the sur-
rogate fuel. The NixPy crystallites are determined by XRD and its Ni-P bonding is con-
firmed by XPS, where the Ni carries slightly higher negative charge than the Ni0 as
usually observed. The XPS investigation also divulges the presence of Ce3þ species in
the CeO2 support on which the NixPy crystallites are distributed, indicating that the
support contains oxygen vacancies. These two subtle structural differences are pro-
posed to provide the catalyst with resistance to coking. VVC 2011 American Institute of

Chemical Engineers AIChE J, 57: 3143–3152, 2011
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Introduction

Fuel cells powered by hydrogen or syngas (H2/CO) pos-
sess advantages of high energy efficiency and clean emission
over internal combustion engines. Conducting reforming of
gasoline or diesel whose main component comprises C4 to
C16 hydrocarbons for the production of hydrogen on board is
of special interest. This route could avoid shipping and stor-
age of hydrogen or syngas and allow for continuous use of
the existing fossil oil delivery infrastructure.1,2 Hence, devel-
opment of a Ni-based catalyst possessing adequate chemical
stability in the reforming of larger molecular weight hydro-
carbons, such as gasoline or diesel, is crucial to the evolu-
tion of this clean energy source. Regarding the existing cata-
lytic reforming techniques, that is, steam reforming (SR) and
partial oxidation (POX), and their combination generates
autothermal reforming (ATR). As a result, the exothermic

POX could cover the heat the endothermic SR reaction
demands.3 A typical ATR is (taking n-octane for example):

C8H18 þ xO2 þ ð16� 2xÞH2O!
cat

8CO2 þ ð25� 2xÞH2 (1)

where x is the oxygen-to-fuel molar ratio. The degree of the
exothermic (POX) or the endothermic (SR) of the overall
reaction can be controlled by the x value.

The chemical stability of the Ni-based catalyst is about its
capability to avert the deactivating actions of sulfur-containing
compounds and coke deposited. Deposition of carbon at Ni
catalyst during the reforming of hydrocarbons is a hazard to
POX and ATR because coking causes jam in a packed-bed re-
actor and deactivation of catalyst.4 The mechanism of carbon
deposition at the Ni catalyst has been extensively investi-
gated.5,6 Nevertheless, most of them focused on the POX of
methane in which impregnated Ni catalysts were used. Further-
more, compared with methane, it would be more difficult to
reform liquid hydrocarbons due to a heavier coke deposition
extent. To tackle this problem, the precious metal-modified Ni
catalysts and the supported-precious metal catalysts have been
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explored to reform long-chain alkanes under the autothermal
condition.7–11 Despite displaying stronger resistance to carbon
deposition than nickel, noble metals are in general too costly
to suit industrial applications. Hence, the supported-Ni catalyst
system still remains practically attractive. Modification of the
refractory oxides supports has been an effective way to
improve coking resistance at the Ni crystallites supported on
them. Recently, the doped cerium oxides have become a novel
type of support mainly because they contain oxygen vacancies.
Lattice oxygen ions in the doped ceria could contribute to
removing of carbon filaments from the Ni catalyst at the
reforming temperatures.12–15

Different from using the impregnated Ni catalyst, we syn-
thesized nano-sized NiP alloy nodules on micronsized particles
of ceria by means of the electroless nickel plating (ENP). De-
spite being an amorphous alloy, the as-deposited Ni(P) (P �
12 wt %) nodules were converted to nickel phosphide crystalli-
tes, NixPy, at the reaction temperature of ATR. In the follow-
ing sections we denote the CeO2-supported NixPy catalyst as
NiP/Ce for the sake of simplicity. In principle, the nickel phos-
phide crystallite is formed by polar covalent bonding. It has
been reported recently that the NixPy catalyst, obtained from a
different ENP procedure, was used to catalyze dechlorination
of an organic chloride.16 This work focuses on understanding
how the designated catalytic conditions affect the conversion
of the surrogate hydrocarbon fuel and the yields of H2, CO,
CO2, and CH4. It has been also confirmed that the NiP/Ce cat-
alyst remained carbon-free after the ATR of the fuel consisting
of n-octane and naphthalene. Fundamental aspects for this
improvement have also been explored experimentally.

Experimental

Preparation of the catalyst precursor Ni(P)/Ce and a
control catalyst

The catalyst was initially prepared by depositing Ni(P)
nano nodules to ceria particles (CeO2,\5 lm, 99.9%, Sigma
Aldrich) in an acidic electroless nickel plating bath.17 Before
plating, the ceria particles were modified by the following

surface roughening procedure. First, 5 g ceria was added
into 100 ml solution of cerium hexahydrate [Ce(NO)3�6H2O,
2.52 g] under stirring. The pH value of the slurry formulated
was adjusted to about 10.0 by dropping 2.5% ammonia solu-
tion into the slurry. The slurry was then stirred for 1 h and
aged subsequently for 4 h. During this treatment, most of
Ce(OH)4 precipitate first attached to the CeO2 particles and
then formed a gel layer. The solid was collected by filtration,
followed by drying overnight at 80�C and calcining at
600�C for 1 h. This step enhanced the surface roughness,
which was confirmed by both the increase in specific surface
area from 7 to 17 m2 g�1 and micrograph image of the
CeO2 particles (Figure 1). The modified oxide powder was
then sensitized in an aqueous solution containing stannous
chloride (SnCl2�2H2O, 20 g L�1) and hydrochloric acid (0.24
M) under stirring for 10 min at room temperature. The sensi-
tized oxide was rinsed with deionized (DI) water subse-
quently. Then the oxide was activated in an aqueous solution
containing palladium chloride (PdCl2�2H2O, 0.3 g L�1) and
hydrochloric acid (0.12 M) under stirring for 5 min at room
temperature. After that, the oxide was fully washed using DI
water and dried at 50�C in vacuum. A certain amount of the
activated ceria was transferred into the nickel plating solu-
tion with pH ¼ 5 and 60�C for 10 min with constant stirring.
The recipe of the nickel plating solution is listed in Table 1.
After plating, the powder was washed thoroughly with DI
water and dried at 50�C in vacuum. After that, the Ni(P) de-
posited ceria, Ni(P)/Ce, obtained has a Ni loading of 5.6 wt
% and a ratio of Ni to P by weight of about 7. Finally it is
worthy of note that such extent of plating cannot be attained
without enhancing surface roughness of CeO2 particles.

One of the two control catalysts used in this study was pre-
pared by the impregnation method as reported everywhere. An
appropriate amount of Ni(NO3)�6H2O was dissolved in 50-ml
DI water, then the ceria powder was added into this solution.
After stirring under room temperature for about 3 h, the mix-
ture was heated at 60�C overnight under stirring to evaporate
water. The obtained solid was calcined in air at 600�C for 3 h
to obtain a NiO/Ce powder. It would be then reduced to Ni/Ce
under ATR conditions. The Ni loading in this control catalyst
was about the same as the Ni(P)/Ce. Finally, a nickel-based
SR commercial catalyst (HiFUEL, Ni loading: 15–40 wt %
denoted by CC) was adopted as another control catalyst to
benchmark the performance of the NiP/Ce catalyst.

Characterizations of catalyst

The composition of the catalyst precursor Ni(P)/Ce was
determined by Inductively Coupled Plasma-Mass Spectrome-
try (ICP-MS, Agilent 7500 Series). The total nickel loading
was about 5.6 wt %, whereas the Ni(P) alloy comprised 87.5

Figure 1. FE-SEM images of the surface morphology of
the ceria particles adopted as support (a) and
that of the modified ceria particles (b).

Table 1. Compositions of Electroless Nickel Plating Bath

Chemical Concentration

Nickel nitrate hexahydrate 22.4 g L�1

Sodium hypophosphite 25 g L�1

DL-malic acid 4 g L�1

Sodium acetate 8.5 g L�1

Lactic acid 21 ml L�1

Borax 6 g L�1

Lead acetate 3 mg L�1
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wt % of Ni and 12.5 wt % of P. The content of palladium is
about 0.3 wt %. The specific surface area of the precursor
was gauged on an Autosorb-1 (Quantachrome) by applying
the multipoint BET method after degassing at 300�C for 3 h
under N2 purging. Its magnitude is about 30m2 g�1. The
temperature-programmed reduction (TPR) was conducted on
the same instrument using a sample of 100 mg and a gas
(5% H2 in N2) flow rate of 80 ml min�1. The heating rate
was set as 10�C min�1. The morphologies of the different
catalysts were observed and recorded on a field-emission
scanning electron spectroscope instrument (JEOL, JSM-
6700F). Crystalline structures of the catalysts were deter-
mined on an X-ray diffractometer (XRD, SHIMADZU
XRD-6000, Cu Ka radiation) using a scanning rate of 5�

min�1. The oxidation states of Ni, P and Ce in the NiP/Ce
and Ni/Ce catalysts were characterized on an instrument of
X-ray photoelectron spectroscopy (XPS, Kratos Axis HiS
System) equipped with Al Ka X-ray source (1486.6 eV) and
the take-off angle of 90� with pass energy of 40 eV. C1s
(284.6 eV) was used as the internal reference to calibrate the
spectra obtained. To double confirm the carbon filament de-
posited on the Ni/Ce catalyst but not on the NiP/Ce catalyst
during ATR of the n-octane, two temperature-programmed
oxidation profiles of the two catalysts were obtained respec-
tively from the measurement on a (Quantachrome ChemBET
3000). Typically, ca. 50 mg sample was placed in a U-tube
holder and subsequently degassed at 300�C for 1 h by flush-
ing the sample with N2 gas at a flow rate of 80 ml/min. Af-
ter degassing, the probe gas consisting of 5% O2 and N2 was
allowed to pass through the sample at a flow rate of 55 ml/
min, and then the sample was heated from ambient tempera-
ture to 1000�C, over which a TPO profile was recorded.

Experimental setup and reaction conditions

Approximately, 1 g catalyst powder was packed between
two plugs of quartz wool in the center of a quartz tube reac-
tor (1.2 cm o.d., 1 cm i.d., 40 cm long). The micro plug

flow reactor was then placed in a thermostat-controlled verti-
cal tube furnace. The air and nitrogen mixture into the reac-
tor was metered by Alicat mass flow controller. The fuel
(n-octane or n-octane containing 6 wt % naphthalene) and
water streams were regulated respectively by ISO-2000 iso-
cratic pumps and sent to joining with the air/N2 stream. The
tri-components (fuel, air/N2 and water) stream was then
directed into a mixer wrapped up by a heating band to carry
out vaporization and mixing before being connected to the
catalytic bed. The temperature of the mixer was set at 250�C
and a blank run indicated that the fuel was not pyrolyzed in
the mixer. Before the reaction starts, the catalyst was
exposed to a flow of air (30 ml min�1) for about 30 min at
900�C to convert the amorphous Ni(P) alloy to NixPy crys-
tallite (or NiP as denoted). The optimal reforming conditions
comprised the following parameters: fuel-supply rate ¼ 0.04
ml min�1, oxygen and steam supply rates: O2/C ¼ 0.5 and
H2O/C ¼ 1.7, reforming temperature 900�C, and GHSV ¼
9000 ml h�1 gcat

�1. It may be noted that although identical
amounts of the CC catalyst and the Ni(P)/Ce catalyst were
loaded to satisfy the same GHSV, the former one contained
a higher Ni content by several times. The outlet stream was
connected to a Shimadzu GC after passing a cold trap to
knock out any condensable components. The performance of
the catalyst was assessed by fuel conversion, distribution of
gaseous products and their yields, which were evaluated
using the following equations where nitrogen was used as
internal standard:

Conversion ¼ FtotalðyCO þ yCO2
þ yCH4

Þ
FC in fuel

(2)

Yield ¼ Ftotal yp

Fp in fuel
(3)

Ftotal ¼ FN2
in feed

yN2

(4)

where F stands for molar flow rate in mol s�1 and y the mole
fraction of a component p (subscript) in the gas outlet stream.
Fp stands for the mass flow rate of component p in the feed (for
hydrogen, H2 is used as the basic unit for calculation).
Theoretically the conversion should be determined from the
amount of octane at the exit of the reactor with respect to that
used in the feed. However, the fuel conversion is determined
using Eq. 2 here due to some practical reasons, such as
limitation of gas analysis and the removal of fuel in the water
condensation process.

Results and Discussion

Determination of the ATR conditions

Prepared by the electroless plating, the amorphous Ni(P)/
Ce displays a complete different TPR profile from the NiO/
Ce prepared by the impregnation method (Figure 2). The
TPR diagram of Ni(P)/Ce presents only a sharp peak at
150�C and a broad peak centred at 290�C with a shoulder
peak at 363�C, while NiO/Ce revealed the normal exother-
mic reduction peak of NiO at about 380�C. The sharp peak
at 150�C represents reduction of superficial passivation layer
on the Ni(P) nodules. The broad peak at 290�C can be

Figure 2. TPR profiles of (a) fresh Ni(P)/Ce and (b) NiO/
Ce.
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ascribed to the reduction of Ce4þ ions of the ceria support
by referencing the reported work,18 whereas the broad peak
at 480�C on the TPR of the NiO/Ce catalyst is known to be
the normal reduction peak of ceria. As can be found, the two
ceria supports exhibit discrepant reduction temperatures and
peak intensities, namely, the reducibility, just because of the
presence of the two different catalysts on them. According
to the previous studies,18,19 the supported noble metal cata-
lysts (Pt, Rh) reveal unique capability to facilitate reduction
of the ceria support underneath. This facilitation leads to
generation of oxygen vacancies in ceria and thus enhances
the oxygen conductivity of the support, helping clean up in-
situ carbon filaments formed during the reforming reaction.

The conversion of n-octane (to CH4, CO, and CO2)
increases with the increase in temperature (Figure 3). How-

ever, the concentration of H2 is basically not affected by
reaction temperature while the concentration of CO slightly
increased. Compared with the two control catalysts, viz. CC
and Ni/Ce, NiP/Ce shows lower conversions at temperatures
below 900�C but finally presents a comparable activity at
900�C. Therefore, the subsequent investigations were under-
taken at this temperature.

As indicated in Eq. 1, the O2/C ratio affects the extents of
SR and POX, the sign of reaction heat and the concentration
of H2 in the product stream. The effect of O2/C ratio on the
composition of the product stream is reflected in Figure 4,
where the conversion of n-octane is independent of the O2/C
ratios. With the increase in O2/C ratio, the H2/CO ratio
decreases due to an increase in the production of CO. To
approximately estimate the O2/C ratio that leads to the

Figure 3. Variation of n-octane conversions (wrt. the three catalysts) and the concentrations of the four species in
the product stream (from the NiP/Ce system) with reaction temperature (C8H18 5 0.04 ml min21, O2/C 5
0.5, H2O/C 5 1.7, GHSV 5 9000 ml h21 gcat

21).

Figure 4. Variation of n-octane conversion and the composition of product stream with O2/C ratio in the NiP/Ce
catalytic system (C8H18 5 0.04 ml min21, H2O/C 5 1.7, 900�C, and GHSV 5 9000 ml h21 gcat

21).
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thermal balance between POX and SR and results in thermo-
neutrality of the reaction, the reaction heat at 298 K and the
standard state, i.e., DH0

r;298 ¼ 1674.8�571.6x (0 � x � 8), is
used, which is acceptable because enthalpy is a state func-
tion. The overall reaction shifts to exothermic direction with
the increase in the x value. As a result, when x equals 2.93,
namely the O2/C ratio is about 0.37, the reaction reaches
thermoneutral DH0

r;298 ¼ 0. An O2/C ratio slightly above
0.37 is desirable to assure the reaction be weak exothermic
so that the decrease in H2% can be minimized. Based on
this consideration, the O2/C ratio of 0.5 was selected to
undertake the rest studies. With this ratio, the concentrations
of H2 and CO in the product stream are 60 and 20 mol %,
respectively (Figure 4). In addition, the conversion became
slightly above 100% with use of the high O2/C ratios, which
is likely due to the effect of cleaning the carbonaceous resi-
dues in the mixer prior to reactor.

With respect to the effect of H2O/C ratio on the product
composition, the H2O/C ratio of 1 was figured out on the ba-
sis of the O2/C ratio of 0.5 (or x ¼ 4 in Eq. 1). We also
notice that an increase in the H2O/C ratio from 1.1 to 1.4
brings about a slight increase in the concentrations of H2

and CO2 and a decrease in CO in the outlet stream (Figure
5). This variation marks a minor extent of water gas shift
reaction (WGSR, CO þ H2O ! CO2 þ H2). After that, no
further shift toward the CO2 and H2 side was observed with
the increase in H2O/C ratio. Such a weak degree of WGSR

could be due to the exothermic nature of the reaction when
the equilibrium is reached at 900�C.

Evaluation of the catalysts in ATR of n-octane

The three catalysts all manifest a conversion of near 100%
(Table 2) under the conditions of O2/C ¼ 0.5, H2O/C ¼ 1 and
900�C. The yields of CO and CO2 are similar in these three
catalysts (Figure 6), while the yield of H2 produced from the
NiP/Ce catalytic system is slightly lower than those from the
other two catalytic systems. The yields of H2 in the three sys-
tems are above 1, which suggests the occurring of SR under
the reaction conditions adopted. It can also be noted that there
is still 2% methane in the product stream from the NiP/Ce cat-
alytic system over the entire evaluation process. This can be
attributed to a feeble deactivating effect of phosphorous atoms
in the nickel phosphide cluster.

The Ni(P) nodules, deposited by electroless plating on the
ceria support, do not display a XRD pattern due to their

Figure 5. Conversion and composition of the gas product as a function of H2O/C ratio (C8H18 5 0.04 ml min21, O2/
C 5 0.5, 900�C, GHSV 5 9000 ml h21 gcat

21).

Table 2. Average Conversions of the Three Catalytic
Systems During 8 h ATR of n-octane and n-octane

with Naphthalene

Catalyst

ATR of n-octane
ATR of n-octane with
Naphthalene (6 wt %)

Average
Conversion (%)

Error
(%)

Average
Conversion

Error
(%)

NiP/Ce 98 �2 98 �3
Ni/Ce 98 �3 98 �3
CC 99 �3 98 �2

Figure 6. Comparison of the average product yields
during 8-h ATR of n-octane in the three cata-
lytic systems (C8H18 5 0.04 ml min21, O2/C 5
0.5, H2O/C 5 1.7, 900�C, GHSV 5 9000 ml h21

gcat
21).
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amorphous identity. Nevertheless, the true catalyst is the
crystalline NiP cluster, which is generated from the Ni(P)
under the ATR conditions. This can be proved by the XRD
diagram of the used catalyst (Figure 7). A peak at 44.2� is
present on the background of CeO2 pattern (28.6, 33.1, 47.5,
and 56.4�).19 This peak is the strongest one in the XRD pat-
tern of NiP.20 As for the Ni/Ce catalyst downloaded from
the micro reactor, a small peak at 44.5 � for Ni (111) is
found as expected.21 On the contrary, the amorphous Ni(P)
deposit is converted to crystalline NiP grains (� 100 nm)
with clear periphery after 8 h ATR (Figure 8). These NiP
grains are also confirmed by EDX. It is worthy of note that
there were nil carbon filaments grown on the NiP/Ce catalyst
after 8 h ATR. On the contrary, short carbon whiskers are
found on Ni/Ce catalyst after it is used for ATR under the
same conditions (Figure 9). The above identification of car-
bon filaments is further checked by TPO (Figure 10). A
small oxygen uptake peak arises at about 413�C on the TPO
profile of Ni/Ce catalyst, which can be assigned to the oxida-
tion of carbon. A similar test based on less sensitive ther-
mogravimetric analysis has reported that carbon oxidation
takes place at 665 K.22 In contrast to this, the used NiP/Ce
catalyst does not show such a TPO peak at the temperature
nearby but rather a very weak peak at 303�C, which is
known to be due to oxidation of a part of Ni on the NiP/Ce
catalyst according to XPS study. Similarly, Ni/Ce catalyst

Figure 7. XRD patterns of NiP/Ce before and after ATR,
Ni/Ce after ATR. ((!) CeO2, (l) NiP, ($) Ni).

Figure 8. FE-SEM images of (a) the Ni(P)/Ce as electro-
less deposited and (b) the NiP/Ce after 8-h
ATR of n-octane.

Figure 9. FE-SEM images of the used catalysts: (a) Ni/
Ce and (b) CC after 8-h ATR of n-octane as
shown in Figure 5.
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shows a relatively apparent Ni oxidation peak at 330�C. The
CC catalyst after ATR is also scrutinized by FE-SEM and it
demonstrates better carbon deposition resistance than the Ni/
Ce catalyst.

To understand how the P component affects the charge
density at Ni before and after ATR, XPS spectra of Ni 2p
and P 2p of the catalyst are investigated (Figure 11). The
precursor of catalyst, Ni(P)/Ce, shows the Ni 2p doublet:
(2p3/2) peaks at 855.0 and 852.6 eV. The former peak is the
characteristic peak of Ni2þ species, whereas the latter is the
characteristic peak of Ni0 species. Similarly, the P 2p spec-
trum could be described by the 2p doublet: (2p3/2) peaks at
133.0 and 129.3 eV. The former peak can be assigned to
P5þ of PO4

3- ions, which are the counterion of Ni2þ, pre-
sumably due to the presence of the Ni3(PO4)2 superficial
passivation layer that is left behind by the electroless nickel
plating.23,24 On the other hand, the 2p3/2 component at 129.3
eV characterizes P0 in the Ni(P) amorphous phase25–27 where
the Ni0 species has been identified by Ni (2p3/2) at 852.6 eV.

After ATR of n-octane at 900�C for 8 h, a new peak at
853.6 eV is found in the Ni 2p3/2 spectrum. It reflects a Ni
species carrying the charge between þ2 (855.0 eV) and 0
(852.6 eV) as found above. This Ni species is likely those
Ni atoms on NiP crystallites that are partially oxidized. It
also deserves to note that the Ni0 (2p3/2) component shifts
down by about 0.7 to 851.9 eV, which is apparently below
the range the reported binding energy of Ni0 (852.5–852.9
eV).28 Correspondingly, the P0 (2p3/2) shifts up by about 0.3
to 129.6 eV. This result proposes that the P-Ni bonding in
the nickel phosphide cause a slight increase in the electron
density at the Ni atom and a slight decrease in electron den-
sity at the P atom. It is known that carbon deposition at Ni
atoms takes place through thermal cracking of hydrocarbon
species. The pristine Ni0 atomic sites provide suitable Lewis
acidity to accept carbon species, leading to the growth of
carbon filaments. A slight increase in the electron density at
Ni0 could weaken Lewis acidity of Ni0.

As far as the effect of ceria support is concerned, we
examine the Ce XPS 3d spectrum of the used NiP/Ce cata-
lyst (Figure 12). The peaks between 875–895 eV correspond
to Ce 3d5/2, between 895–910 eV correspond to Ce 3d3/2 and

the peak at 916 eV is the characteristic satellite peak corre-
sponding to þ 4 states.29 The peak of Ce4þ ions at 888.2 eV
displayed by the catalyst precursor shifts to 884.9 eV, known
as the characteristic peak of Ce3þ.29 This reduction in the
valence of Ce induces generation of oxygen vacancies in the
ceria support to maintain the electrical neutrality in its
lattice. Namely, the support is converted to O2-conducting
phase from CeO2. Besides the NiP/Ce catalyst, the oxidation
states of Ce in the Ni/Ce catalyst and in a particular control
catalyst as well, prepared as an activated ceria, are also
checked. This control catalyst is prepared by soaking the
ceria, obtained from the sensitization and activation treat-
ment, in the electroless plating solution without nickel nitrate
under the same ENP conditions (temperature and treatment
duration) as used to make Ni(P)/Ce. In contrast to the NiP/
Ce catalyst, none of Ce3þ species is present in the used Ni/
Ce catalyst recovered from ATR under the same condition
according to its Ce XPS 3d spectrum. Xu and coworkers30

reported that CePO4 is formed in the automotive exhaust cat-
alyst through the reaction of ceria with gaseous H3PO4 and

Figure 10. TPO profiles of NiP/Ce and Ni/Ce after 8-h
ATR of n-octane.

Figure 11. (a) The Ni XPS 2p core level spectra and (b)
the P XPS 2p core level spectra of the NiP/
Ce catalyst before and after 8-h ATR respec-
tively.
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other phosphorous compounds. On the contrary, NiP/Ce is a
different system, where P forms covalent bond with Ni and
hence the P component is unlikely to reduce Ce4þ ions,
which has been justified by the XPS study. Meanwhile, the
control catalyst developed by the blank ENP shows no any
phosphorous compound residue as well as Ce3þ species.
This means that the generation of Ce3þ species in the sup-
port is not caused by the reduction in the ENP system. It
also indicates that Pd is not responsible to the enhanced
reducibility of ceria as the preparation of this control catalyst
went through the sensitization and activation treatment prior
to the test. In the TPR examination of NiP/Ce (Figure 1b),
the phenomenon of enhancing reducibility of Ce4þ by NiP

has been verified. Although the true root cause for why the
Ce3þ species is generated only in the support on which NiP
particles but rather Ni particles are overlaid is still not clear,
the presence of NiP phase is surely responsible to the reduc-
tion of partial Ce4þ ions in ceria to Ce3þ ions during ATR.
In this context, the NiP phase is presumed to mediate the
reduction of surface Ce4þ ions by the deposited carbon. The
O2- ion conducting CeIII CeIV1�n O2�y phase generated could
in turn facilitate gasification of the deposited carbon.31 Con-
sequently, the fact that NiP/Ce catalyst reveals resistance to
coke deposition can be attributed to the two complementary
factors: a slight increase in charge density at the Ni atoms
and the presence of oxygen vacancies in the ceria support.
The presence of Ce3þ ions in the ceria support of NiP can
be also verified by TPO experiment (Figure 10). A rather
strong peak happening at about 870�C on the TPO diagram
of the used NiP/Ce catalyst reflects oxidation of Ce3þ ions.32

Finally, it may need to bring up that the Pd colloids used
to initiate electroless nickel plating do not contributes to the
reforming. Although only a trace amount of Pd in the NiP/
Ce (namely less than 0.3 wt % Pd of NiP) could be found
by ICP-MS, which was performed by dissolving the sample
in a nitric acid solution, none of the Pd species can be
detected by XPS on NiP/Ce. This is expected as Pd colloids
function as seeds for the growth of Ni-P alloy, hence they
are quickly covered up by the Ni(P) alloy soon after plating.
As a result, these Pd sites are inaccessible despite being cat-
alytically reactive.

Evaluation of the catalysts in ATR of n-octane
containing naphthalene

Fossil fuels usually contain a certain amount of aromatic
compounds, which are much more stagnant than alkanes to
be reformed and will worsen the coking extent therefore. In
this study, we selected naphthalene because it is present in
gasoline or diesel for improving octane rating.33 The feed
stream of hydrocarbon was made up of 94 wt % n-octane
and 6 wt % naphthalene. It has been noted in the preceding
discussion that the NiP/Ce and CC catalysts possess better
coking resistance than the Ni/Ce catalyst. The inclusion of
naphthalene in n-octane could thus strengthen the test stand-
ard for coking resistance of the NiP/Ce and the CC catalysts.

Figure 12. The Ce XPS 3d core level spectra of (a) NiP/
Ce (b) Ni/Ce catalysts and (c) ceria before
and after 8-h ATR of n-octane respectively.

Figure 13. Comparison of the average product yields
during 8-h ATR of n-octane containing 6 wt
% naphthalene in three catalytic systems
(C8H18 5 0.04 ml min21, O2/C 5 0.5, H2O/C
5 1.7, 900�C, GHSV 5 9000 ml h21 gcat

21).
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The conversions of the hydrocarbon stream exhibit insig-
nificant difference over the 8 h reaction duration (Table 2).
In addition, the yields of the four compounds in the product
stream over the 8 h reaction (Figure 13) are slightly different
from those presented in Figure 6. The CC catalyst still
presents a slightly higher H2 yield than the NiP/Ce catalyst
within this reaction period of time, whereas the Ni/Ce cata-
lyst presents about the same H2 yield as the NiP/Ce catalyst
because the Ni/Ce produces a small amount of CH4 in this
system in contrast to the absence of naphthalene. As esti-
mated, the FE-SEM examination of the spent catalysts (Fig-
ure 14) reveals carbon filaments deposition not only on Ni/
Ce catalyst but also on the CC catalyst in this case. Clearly,

the CC catalyst becomes vulnerable to reform naphthalene.
Unlike the two references, the NiP/Ce catalyst still remained
free of coking under the same ATR conditions.

The Ni 2p, P 2p, and Ce 3d XPS spectra of NiP/Ce and Ni/
Ce catalysts downloaded from this relatively tougher reforming
system were examined as well. Similar to the previous finding,
an enhancement of electron density at Ni and the occurrence
of Ce3þ species are also found in the used NiP/Ce catalyst.
Especially in the Ce 3d spectra, the peak at 885.0 eV for Ce3þ

is stronger than that in Figure 12; and another strong peak at
903.4 eV which is also characteristic for Ce3þ species can be
found. In line with the rationale described above, we are
inclined to deem that a stronger coking extent due to the pres-
ence of naphthalene enhanced reduction of Ce4þ ions under
the mediation role of the NiP catalytic sites.

Conclusions

The electroless deposition of nickel phosphorus alloy, Ni(P),
nodules (� 100 nm) on ceria particles of several microns in
size is achieved. The ceria-supported Ni(P) is used to catalyze
the autothermal reforming (ATR) of n-octane and n-octane-
naphthalene (6 wt %) mixture, respectively. The impregnated
Ni/Ce catalyst and a nickel-based commercial SR catalyst
(CC) are used as the control catalysts. The ATR is carried out
under the conditions comprising O2/C ratio (¼0.5), H2O/C ra-
tio (¼1.7), GHSV ¼ 9000 ml h�1 gcat

�1, hydrocarbon ¼ 0.04
ml min�1, and at the reaction temperature of 900�C. The
amorphous Ni(P) alloy was converted to the crystalline nickel
phosphide NixPy (x/y � 3.7 by mole) in situ under the ATR
conditions, which is named as NiP/Ce for simplicity. The XPS
analysis shows that there is a slight increase in charge density
at the Ni atoms in NiP/Ce compared with that in Ni/Ce.
Besides this, the surface of ceria support is changed to an O2--
conducting CeIII CeIV1�n O2�y phase by ATR, but it does not
happen in the Ni/Ce catalyst. The enhanced reducibility of
ceria in NiP/Ce catalyst is supported by the TPR test. Such
variations in charge allocation and doping state render the
NiP/Ce catalyst resistance against coking, but the two control
catalysts are prone to coking, especially in the ATR of the n-
octane-naphthalene (6 wt %) mixture, over an arbitrarily set
reaction duration of 8 h. It is supposed that the NiP nano
grains, the catalytic sites, facilitate the reduction of those Ce4þ

ions located over the surface of support by the deposited coke
to form Ce3þ ions. Accompanying the formation of Ce3þ, the
oxygen vacancies are induced in the ceria support.
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