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a  b  s  t  r  a  c  t

In  the  search  for  active  and  stable  Ni-based  catalysts  for steam  methane  reforming  in  membrane  reac-
tors,  the  effect  of  three  different  promoters  La,  B  and  Rh  was  compared.  Promoted  and  unpromoted  Ni
catalysts  were  characterized  by  TEM,  TPR  and  X-ray  absorption  spectroscopy.  The  average  Ni  particle
size  is  between  4  and  10 nm. Promoters  affected  both  dispersion  and  reducibility  of Ni.  Smaller  particles
were  found  to be  more  difficult  to reduce  than  larger  ones.  The  use  of  B resulted  in  very  small  Ni parti-
cles.  The  degree  of  Ni  reduction  strongly  increased  by use  of  La  and  Rh  promoters,  whereas  B  strongly
impeded  Ni  reduction.  The  initial  intrinsic  rate  per  surface  metal  atom  was  found  to  increase  linearly
with  the  Ni  metal  dispersion,  suggesting  that  the  rate  is  controlled  by  dissociative  methane  adsorption
over  low-coordinated  surface  atoms.  The  data  indicate  that  Rh  and  La  act  as  structural  promoters  to  the
activity.  Catalysts  modified  by B show  a  much  higher  activity  of  the  Ni  surface  atoms.  Catalyst  stability
was  investigated  by  using  feed  compositions  representing  the  inlet  of  the  membrane  reactor  and  the
oke hydrogen  lean  reformate  towards  its  outlet.  Stability  increases  in  the  order  La  < Rh  < B.  Deactivation  of
the  catalysts  is caused  by insufficient  removal  of  carbon  species  from  the  surface  of  Ni particles  and  the
formation  of  stable,  graphitic  carbon  deposits,  most  likely  covering  the surface  of metal.  This  is substan-
tially  suppressed  when  the Ni particles  are  small.  B  is an excellent  structural  promoter  to obtain  small
Ni  particles,  Rh  stabilizes  metallic  Ni  and  La  aids in  the  removal  of  some  of  the  carbon  deposits  more
effectively  by  gasification.
. Introduction

Industrial scale production of hydrogen for power generation
nd fuel refineries is dominated by the catalytic reforming of natu-
al gas and higher hydrocarbons [1,2]. With an increasing demand
or hydrogen and power in the decades to come, steam reforming
ill likely gain further in importance. In the principle reaction light
ydrocarbons, in particular methane, are converted with steam into
ynthesis gas (syngas). Primary reformer units are typically oper-
ted at severe conditions of high temperatures and pressure, which
trongly affect the long-term performance of the classical Ni-based
atalysts and the process efficiency. As an alternative, membrane
eactors are being studied for pre-combustion decarbonization of
ethane. Membrane reactors, which selectively permeate hydro-

en at operation temperatures below 600 ◦C to avoid membrane

isintegration risks and lifetime deterioration, produce a hydrogen
tream, which can be used as a fuel in a turbine combined-cycle
lant, and a CO2 rich stream for compression and storage [3,4]. High

∗ Corresponding author. Tel.: +31 40 2475178; fax: +31 40 2455054.
E-mail address: e.j.m.hensen@tue.nl (E.J.M. Hensen).
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efficiency of these processes requires catalysts that are sufficiently
active at temperatures in the range of 500–600 ◦C.

Recently, Pieterse et al. [4] reported that Ni-based catalysts
provide sufficient activity for use in membrane steam reform-
ing reactors, but their resistance to deactivation needs further
improvement. Deactivation of Ni-based catalysts is related to
high tendency towards coke formation and sintering of the active
metal phase [5].  The former can be suppressed by increasing the
steam-over-methane ratio (S/C), but by doing so sintering is often
enhanced. More steam requires more heat, which makes the pro-
cess less energy efficient. The S/C ratio will, therefore, practically
be limited to 3. Catalysts based on noble metals like Ru [6,7], Rh
[8,9], Ir [10], Pt [11,12] and Pd [13] have promising catalytic prop-
erties and a lower propensity to coke formation than Ni, but they
are more expensive. Another approach is to deactivate the sites
that lead to carbon formation. Pioneering work by the groups of
Rostrup-Nielsen and Nørskov [14–17] for Ni-based catalysts has
led to a detailed understanding about the role of potassium [18],

sulfur [19] or gold [20] to suppress nucleation sites for coke forma-
tion. These additives preferentially bind to the step edge sites and
thereby suppress the activity of the carbon nucleation sites [17],
but concomitantly also lower the activity.

dx.doi.org/10.1016/j.apcata.2011.07.035
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:e.j.m.hensen@tue.nl
dx.doi.org/10.1016/j.apcata.2011.07.035
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This approach has led to follow-up work [21] with tin and
oron being interesting alternative promoters. Sn seems to displace
ncoordinated Ni atoms from the Ni edge to form checkerboard
tructure assemblies that prevent formation of carbon nucleation
ites by strong hindrance of C atom diffusion and comparatively
ess hindrance of O atom diffusion [22]. B shows a comparable ten-
ency to bind to Ni as C and is therefore argued to selectively block
tep but also subsurface sites [23]. Other additives that have been
ound useful in reforming reactions of methane by Ni catalysts are
h [24–26],  Pt [26–28],  Pd [26,29],  Ba [30] and La [31–33].  Noble
etals are known for their higher carbon tolerance, whilst the latter

wo promoters are part of the basic metal group elements known
o enhance carbon gasification [34,35].

The present study aims to obtain insight in the potential of
romoted Ni-based catalysts for steam methane reforming (SMR)

n membrane reactors. MgAl2O4-supported Ni catalysts modi-
ed with La, B or Rh have been prepared and are compared to
heir corresponding monometallic materials. The support material
an stabilize small Ni particles. These catalysts exhibit a higher
esistance against coking as compared to pure Al2O3 supported
atalysts [36,37].  As promoters have been chosen (i) La forming
xycarbonate type species (La2O2CO3) [38] and thus aiding in the
inimization of coke accumulation by water activation (coke gasi-

cation [39]) or its influence on the metal dispersion [40]; (ii) B,
hich has been proposed to block subsurface sites and prevent

arbon diffusion into the bulk [23,41] or to serve as a structural
romoter [42] and (iii) Rh, which is considered to be a very active
etal for SMR  and able to stabilize metallic Ni [43] and inhibit coke

ormation [44,45]. B- and Rh-promoted Ni catalysts were also sug-
ested to be more sulfur-tolerant than the unpromoted material
46–48]. As it will be shown that some promoters also influence the
i particle size, we also prepared a Ni catalyst with smaller particles
y homogeneous-deposition precipitation than obtained by regular

mpregnation. The catalysts have been characterized for their tex-
ural properties, metal particle size, reduction behavior and their
ctivity and stability under conditions that represent the conditions
t a membrane SMR  reactor inlet and outlet.

. Experimental methods

.1. Support materials and catalysts preparation

A commercial MgAl2O4 carrier material (MkNano, 99.5%, aver-
ge particle size 30 nm,  surface area 52 m2/g, pore volume
.34 ml/g) was  used for the preparation of 20 and 30 wt% Ni cat-
lysts by pore volume impregnation. Another 20 wt%  Ni catalyst
as prepared by homogeneous deposition precipitation (HDP) of
ickel nitrate (Ni(NO3)2·6H2O, Merck, >97%) on the same carrier.
a2O3 was made by thermal decomposition of lanthanum nitrate
La(NO3)3·6H2O, Sigma–Aldrich, 99.999%) in static air at 625 ◦C
ith 7 ◦C/min for 5 h. A 20 wt% Ni catalyst was prepared on a La2O3

upport by homogeneous precipitation of nickel nitrate. For the
DP preparation method an appropriate amount of the support
aterial and nickel nitrate was suspended in 0.6 L deionized water

nd the pH was adjusted to 1.9 with HNO3. After addition of 80 ml
f 1 M urea (Merck, 99%), the mixture was heated under stirring
n a double-walled vessel at 95 ◦C for 18 h. Subsequently, the pre-
ipitate was filtered and washed with deionized water, dried in an
ven and calcined.

La- and B-promoted Ni catalysts were prepared by sequential
mpregnation. The La–MgAl2O4 support was prepared by pore vol-
me  impregnation with an aqueous solution of lanthanum nitrate.

fter impregnation, the material was dried in air, in an oven
vernight and subsequently impregnated with the nickel nitrate
olution to obtain a Ni/La molar ratio of 4.7, which was  determined
o be the optimal one [49]. Two Ni catalysts were promoted by B
s A: General 405 (2011) 108– 119 109

following a procedure described by Saeys and coworkers [23]. The
support was first impregnated with a nickel nitrate solution, fol-
lowed by a drying period of 3 h in air and overnight at 110 ◦C. After
calcination in 20 vol.% O2 in N2 to 625 ◦C at a rate of 2 ◦C/min for
5 h, boric acid (H3BO3, Merck, 99.9999% Suprapur) was introduced
at a Ni/B ratio of 2.7. Two Rh-promoted Ni catalysts were prepared
by co-impregnation with a solution of Rh and Ni nitrates to obtain
Ni/Rh molar ratios around 70 and 22. The impregnated materials
were dried in air and in an oven at 110 ◦C before calcination.

Reference catalysts containing 0.5 wt% Rh, 10 wt% La or 2 wt%
B supported on MgAl2O4 were prepared for comparison. LaNiO3
was  synthesized according to the sol gel method [50]. Stoichiomet-
ric amounts of La(NO3)3·6H2O and Ni(NO3)2·6H2O were dissolved
in distilled water and added to a solution containing equimolec-
ular amounts of citric acid (Sigma–Aldrich, >99.5%) and ethylene
glycol (Sigma–Aldrich, >99%) as a polydentate ligand. Excess water
was  slowly removed in a rotary-evaporator until a viscous liquid
was  obtained. This solution was  then dried overnight in an oven at
90 ◦C and slowly crystallized in air by heating to 800 ◦C with a rate
of 1 ◦C/min and an isothermal period of 5 h. La2O2CO3 was syn-
thesized from La2O3 via carbonation with 10 ml/min CO2 flow to
600 ◦C with 6 ◦C/min for 3 h. This material was  then cooled to room
temperature in CO2 flow [51,52].

All catalysts were sieved into a fraction of 125–250 �m and cal-
cined in a mixture of 20 vol.% O2 in N2 (except for La2O2CO3) at a
flow rate of 100 ml/min, whilst heating at a rate of 2 ◦C/min to 625 ◦C
followed by an isothermal period of 5 h. The surface area is typi-
cally around 34 and 4 m2/g for the MgAl2O4- and La2O3-supported
materials, respectively.

The catalysts are denoted by Ni(x)P(y)/S-HDP, where P, S, x and y
represent the promoter (La, B or Rh), support (MgAl2O4 or La2O3),
the weight percentage of Ni and the promoter, respectively. The
optional postfix HDP refers to the use of the homogeneous deposi-
tion precipitation method.

It has been confirmed that the textural and structural properties
of the support materials did not change following calcination and
reduction steps of the final catalysts.

2.2. Characterization

2.2.1. ICP analysis
The metal loading was determined by inductively coupled

plasma atomic emission spectroscopy (ICP-AES) analyses per-
formed on a Goffin Meyvis SpectroCirus apparatus. Typically, an
amount of sample was dissolved in a 1:1 H2O/H2SO4 solution under
heating until a clear solution was obtained. For a selected number
of catalysts it was confirmed that calcination followed by reduction
and passivation did not result in a change of the metal loading.

2.2.2. Nitrogen physisorption
Surface areas were measured with a Micromeritics TriStar 3000

apparatus by nitrogen physisorption at −196 ◦C after outgassing
the sample for 3 h under vacuum at 150 ◦C

2.2.3. Hydrogen chemisorption
Chemisorption of the Rh catalyst was carried out at −80 ◦C using

a Micromeritics ASAP 2020C setup equipped with an isopropanol
bath cooled by a thermostat. The sample was  first reduced at 600 ◦C
(heating rate 1.2 ◦C/min) for 5 h and evacuated for 4.5 h. The double
isotherm method with an intermediate vacuum treatment of 1 h
was  employed. An adsorption stoichiometry of one H per surface
Rh atom was  assumed.
2.2.4. Transmission electron microscopy (TEM)
Transmission electron micrographs were acquired on a FEI Tec-

nai 20 transmission electron microscope at an acceleration voltage
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Table 1
Gas composition (vol.%) of the reaction feed mixtures for steam methane reforming.

Mode CH4 H2O H2 CO CO2
10 D.A.J.M. Ligthart et al. / Applied Ca

f 200 kV with a LaB6 filament. Typically, a small amount of grinded
ample was reduced at 600 ◦C and passivated in 1 vol.% O2 in He
or 2 h before being suspended in pure ethanol, sonicated and dis-
ersed over a Cu grid with a holey carbon film. TEM images were
ecorded using a CCD camera at different magnifications. From
he electron micrographs, the particle size was determined assum-
ng that the particles are spherical. The particle size distributions
ollowed by analysis of at least 150 particles from at least three
ifferent micrographs

.2.5. Temperature-programmed reduction (TPR)
TPR experiments were carried out in a flow apparatus equipped

ith a fixed-bed reactor, a computer-controlled oven and a thermal
onductivity detector. Typically, an amount of catalyst was  con-
ained between two quartz wool plugs in a quartz reactor. Prior to
PR, the catalyst was oxidized by exposure to a flowing mixture of

 vol.% O2 in He whilst heating to 110 ◦C at a rate of 10 ◦C/min. After
he sample was cooled to room temperature in flowing N2, the sam-
le was reduced in 4 vol.% H2 in N2 at a flow rate of 8 ml/min, whilst
eating from room temperature up to 800 ◦C at a rate of 10 ◦C/min.
he H2 signal was calibrated using a CuO/SiO2 reference catalyst.

.2.6. X-Ray absorption spectroscopy
X-Ray absorption measurements were carried out at the

utch–Belgian Beamline (Dubble) at the European synchrotron
adiation facility (ESRF), Grenoble, France (storage ring 6.0 GeV, ring
urrent 200 mA). Data were collected at the Ni K-edge in trans-
ission mode. The Rh K-edge was measured in fluorescence mode
ith a 9-channel solid-state detector. Energy selection was done

y a double crystal Si (1 1 1) monochromator. The near-edge region
f the absorption spectra of the reference compounds (Ni foil, NiO,
aNiO3, Rh foil and Rh2O3) was used to fit the experimental near-
dge spectra.

Spectra at the Ni and Rh K-edges were recorded in a stainless-
teel controlled atmosphere cell. Typically, an amount of 25 mg
or the Ni-containing catalysts (200 mg  for Rh) was pressed in a
tainless-steel holder and placed in the cell to give an absorption
x of about 2.5. High-purity carbon windows with a thickness of
00 and 1000 �m were held between high-purity carbon spacers
or experiments at 1 and 5 bar, respectively. Gases were supplied
y thermal mass flow controllers with steam being generated by

 controlled evaporator mixer unit. The total gas flow was kept at
0 ml/min. All transfer lines were kept at 125 ◦C after the point of
team introduction to avoid condensation. At the outlet, steam was
ondensed and the composition of the dry gas was  analyzed by a
icro-GC (Agilent) system equipped with a Porapak Q column with

 thermal conductivity detector. The effluent mixture was  found
o be at thermodynamic equilibrium under these conditions. Cata-
ysts were ex situ reduced at 600 ◦C (heating rate 1.2 ◦C/min) for 5 h
nd passivated in 1 vol.% O2 in He for 3 h at ambient temperature.
he catalysts were re-reduced in situ by heating to 600 ◦C at a rate
f 10 ◦C/min whilst recording XANES spectra. Finally, XANES spec-
ra were recorded during conventional reforming and simulated

embrane reforming.

.2.7. Analysis carbonaceous deposits
Temperature-programmed oxidation (TPO) was employed to

uantify the amount of carbonaceous deposits in a microflow sys-
em attached to a Balzers mass spectrometer. These deposits were
roduced by exposure of the reduced catalyst to various gas mix-
ures, namely (i) CH4 in He, (ii) CH4/H2 in He, (iii) CO in He or
iv) CO2 in He. In a typical experiment, 100 mg  of sample was

oaded into a quartz reactor tube and kept between two  layers of
uartz wool. The sample was reduced in a mixture of 20 vol.% H2

n He, whilst heating from room temperature to 600 ◦C at a rate of
.2 ◦C/min followed by an isothermal period of 5 h (10 ◦C/min for
RF 5 15 0 0 0
MR 1.35 15 3 0.14 11.75

2 h for MgAl2O4). After reduction, the catalyst was purged with He
for 15 min  and subsequently exposed to a flow of 100 ml/min of
the desired gas mixture for carbon laydown for a certain period.
The sample was  then purged with He and rapidly cooled to room
temperature. The removal of gases was monitored by online mass
spectrometry. TPO was  carried out by heating the sample to 800 ◦C
at a rate of 10 ◦C/min with 6 vol.% O2 in He. The CO2 signal was cali-
brated by following the decomposition of a well-known amount of
NaHCO3 (Acros, >99.5%).

2.3. Catalytic activity in steam methane reforming

The catalytic activity in SMR  was measured using a fixed-bed
microflow reactor system. The stainless steel reactor tube with
an internal diameter of 6 mm  was placed in a brass body to
ensure isothermal operation of the reactor. The catalyst (sieved
to 125–250 �m)  was mixed with inert �-Al2O3 (99.997%, 110 �m
crystalline, surface area 5.5 m2/g) to obtain a bed height of about
20 mm.  A stainless steel rod was used to fix the position of the
bed between two  plugs of quartz wool in the isothermal region
of the oven. Prior to catalytic activity measurements, the cata-
lysts were reduced in 20 vol.% H2 in N2 by heating to 600 ◦C at a
rate of 1.2 ◦C/min followed by an isothermal period for 5 h. After
reduction, the catalyst was purged with N2 before exposure to the
reaction mixture. SMR  was carried out at 600 ◦C and 1.2 bar. Two
different reactor feed compositions were employed (Table 1): (i) for
conventional reforming with H/C = 10 and O/C = 3 and (ii) for mem-
brane reforming with H/C = 3 and O/C = 3. Hereafter, conventional
and membrane reforming will be denoted as RF and MR,  respec-
tively. The composition of the effluent gas was  analyzed by online
gas chromatography (Interscience GC-8000 Top) equipped with a
ShinCarbon ST 80/100 packed column (2 mm × 2 m) and a thermal
conductivity detector.

The gas composition of MR is obtained on the basis of ther-
modynamic calculations of equilibrium gas compositions at 600 ◦C
after RF to simulate the removal of hydrogen by a membrane. The
composition corresponds to a methane conversion of 91% of a feed
containing 7.5 vol.% CH4 and 22.5 vol.% H2O with a large part of the
H2 product removed [4]. The hydrogen concentration was set to
3 vol.%. These choices for the feed compositions allow to compare
reactions in conventional reforming (high H/C ratio) and simulated
membrane reforming (low H/C ratio) at constant O/C ratio and rep-
resent the situation at the inlet and outlet of a membrane reactor
[4].  A space velocity in the range of 0.8–3 × 106 cm3/(h gcat) was
used. Steam was supplied by evaporation of deionized water in a
Controlled Evaporator Mixer unit in combination with a liquid-flow
controller (Bronkhorst) and gas flows were controlled by mass flow
controllers (Brooks). All tubings were kept at 125 ◦C after the point
of steam introduction to avoid condensation. The conversion was
calculated from the effluent concentrations via [34]:

XCH4 = [CO]out + [CO2]out

[CH4]out + [CO]out + [CO2]out
(1)

and/or
XCH4 = 1 − [CH4]out

[CH4]in
(2)
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The latter expression is used for MR  experiments, because of the
ery small amounts of co-fed gases. For RF experiments, application
f Eqs. (1) and (2) gave similar results.

The forward CH4 turnover rates (rf) were calculated by correc-
ion of the measured net reaction rate (rn) for approach to the
hermodynamic equilibrium (�) [53] using

f = rn

(1 − �)
(3)

ith

 = [PCO][PH2 ]3

[PCH4 ][PH2O]
1

Keq
,

i the pressure of species i (bar) and Keq the equilibrium constant
f the reforming reaction. These corrections were minor with typ-
cal initial values of � around 0.2 for the catalyst with the highest
i loading. The rate of CH4 consumption in the reactor was  deter-
ined based on the CH4 inlet flow. Finally, the rate for reforming

s described by

f = k(T)PCH4 (4)

. Results and discussion

.1. Catalyst characterization

Table 2 lists the most important properties of the catalysts.
or comparison, a number of non-promoted catalysts have been
ncluded. For the study of lanthanum promotion, Ni(20)/La2O3-HDP
nd LaNiO3 were used as reference catalysts. The final Ni/La molar
atio of the La-promoted Ni catalyst (Ni(20)La(10)/MgAl2O4) is 4.8.
he Ni/B molar ratio of the two B-promoted Ni catalysts is around
.8. The two Rh-promoted Ni catalysts have a final Ni/Rh molar ratio
f 58 and 18.

The particle size of the active Ni phase was determined by TEM.
ig. 1 shows representative transmission electron micrographs and
article size distributions of the monometallic Ni catalysts. The Ni
articles become larger and the particle size distribution broadens

ith increasing Ni loading. As expected, the HDP method results in

maller Ni crystallites as compared to conventional impregnation.
he HDP catalyst (Ni(20)/MgAl2O4-HDP) contains particles in the
ange 3–6 nm.  It is not possible to accurately determine the Ni crys-

able 2
atalyst labeling, metal loading, metal dispersion.

Catalyst label Ni loadinga (wt%) Prom

Ni(20)La(10)/MgAl2O4 16.3 8.11 

Ni(20)B(1.4)/MgAl2O4 17.8 1.16 

Ni(30)B(2)/MgAl2O4 29.2 1.79 

Ni(20)Rh(0.5)/MgAl2O4 18.1 0.55 

Ni(20)Rh(1.6)/MgAl2O4 18.2 1.73 

Ni(20)/MgAl2O4 17.8 – 

Ni(30)/MgAl2O4 29.2 – 

Ni(20)/MgAl2O4-HDP 19.2 – 

La(10)/MgAl2O4 – 9.65 

B(2)/MgAl2O4 – 2.04 

Rh(0.5)/MgAl2O4 – 0.61 

MgAl2O4 – – 

La2O3 – – 

Ni(20)/La2O3-HDP 20.4 – 

LaNiO3 – – 

a Determined by ICP-AES with La, B, Rh promoters.
b Average particle size, standard deviation determined by TEM analysis (Ni + promoter,
c Dispersion.
d Determined by H2-chemisorption.
e Not determined: limited detection of particles.
s A: General 405 (2011) 108– 119 111

tallite size of Ni(20)/La2O3-HDP due to the lack of contrast between
Ni and La. From inspection of particles visible at the edges of the
support, the Ni particles appear to be in the 4–6 nm range. The TEM
images of Rh(0.5)/MgAl2O4 show very finely dispersed Rh particles
with an average particle size of 1.4 nm in agreement with the value
determined by H2 chemisorption (Table 2).

Fig. 2 shows representative transmission electron micrographs
and corresponding particle size distributions of the promoted Ni
catalysts. The average Ni particle size of Ni(20)La(10)/MgAl2O4 is
lower than that of its unpromoted counterpart. This difference
agrees with the findings of Zhang et al. [54], who found smaller par-
ticles in La-promoted Ni/Al2O3 than in Ni/Al2O3. Promotion with B
has a much more pronounced effect on the particle size. The aver-
age particle size is 4.6 and 6.4 nm for the 20 and 30 wt% Ni catalysts,
respectively, as compared to the initial sizes of 8.1 and 10.3 nm
before B promotion. Broadly speaking, this agrees with the findings
of Dautzenberg and co-workers [42], who  found a decrease from
15–25 nm to 8–10 nm upon B promotion. In contrast, Xu et al. [23]
reported that the Ni particle size did not vary upon B promotion.
The use of a small amount of Rh also led to a small decrease of the Ni
particle size, which became more pronounced when more Rh was
added. However, these changes are relatively small as compared to
the effect of B.

Fig. 3 shows TPR traces of the supports and the catalysts. Expect-
edly, no reduction features are seen for MgAl2O4. The reduction
of the MgAl2O4-supported Ni catalysts started around 375 ◦C and
reached completion around 800 ◦C. It is seen that the NiO reduction
takes place at lower temperature for higher Ni content, which is
due to the weaker support interaction of larger NiO crystallites.
To have a basis of comparison, the Ni-free promoter-containing
supports are also included. The reducibility of La-containing
supports is negligible and only a weak high temperature feature
is observed for B(2)/MgAl2O4. The reduction of Rh(0.5)/MgAl2O4
occurs below 400 ◦C, which is substantially higher than that of Rh
particles dispersed over ceria or zirconia [55]. This is due to the
comparatively strong interaction with alumina [56]. The TPR trace
of Ni(20)/La2O3-HDP contains a dominant feature around 400 ◦C,
which is also present in the reduction of LaNiO3. The reduction of

the latter compound is known to proceed in two  consecutive steps
[57], i.e. (i) reduction of Ni3+ to Ni2+ with concomitant formation
of La2Ni2O5 and (ii) reduction of Ni2+ to metallic Ni and La2O3.
Accordingly, it is reasonable to suggest that during calcination

oter loadinga (wt%) db (nm) Dc (%)

7.2 ± 1.8 14
4.6 ± 1.2 22
6.4 ± 1.9 15.8
7.5 ± 2.6 13.5
6.2 ± 2.0 16.3

8.1 ± 3 12.5
10.3 ± 3.4 9.8
4.5 ± 1.6 22.5

– –
– –
1.4 ± 0.4 (1.2)d 78

– –
– –

n.d.e n.d.e

– –

 Ni).
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does not bring about changes to its oxidation state.
The reduction degree of passivated Ni(20)/MgAl2O4-HDP is

nearly 60% and further reduction leads to a final reduction

Table 3
TPR results (temperature, H2 consumed, H2/Ni ratios) of the set of catalysts.

Catalyst H2 uptake (mmol/gcat) H2/Nia fNi
b

Ni(20)La(10)/MgAl2O4 2.8 1 0.74
Ni(20)B(1.4)/MgAl2O4 2.35 0.77 0.09
Ni(30)B(2)/MgAl2O4 3.81 0.77 0.12
Ni(20)Rh(0.5)/MgAl2O4 1.9 1.08 0.83
Ni(20)Rh(1.6)/MgAl2O4 2.31 1.3 1

Ni(20)/MgAl2O4 2.54 0.84 0.48
Ni(30)/MgAl2O4 4.82 0.97 0.7
ig. 1. Transmission electron micrographs, Ni particle size distributions of (a) Ni
verage particle diameters of 8.1, 10.3, 4.5, 1.4 nm,  respectively.

f Ni(20)/La2O3-HDP LaNiO3 is formed. This reduction feature is
bsent in the TPR trace of Ni(20)La(10)/MgAl2O4.

Interestingly, the TPR traces of the two B-promoted catalysts
nly show a reduction feature at very high temperature. As can
e deduced from the intensities of the bands, the reduction must
e due to nickel oxide reduction. The high temperature points to

 very strong Ni–B interaction. It has been shown before that Ni
nd B become alloyed upon calcination [58,59]. More recently, DFT
alculations have indicated that boron binds preferentially to step
ites and octahedral sites just below the surface of Ni metal [60].
he low-temperature shoulder in the trace of Ni(30)B(2)/MgAl2O4
ay  correspond to the reduction of some NiO particles that have

ot been alloyed with B. Finally, the Ni–Rh catalyst with the lower
h content shows a quite similar trace to that of its Ni-free coun-
erpart. The small reduction feature below 400 ◦C for the catalyst
ith a higher Rh content relates to Rh reduction [26]. These data

uggest that at these metal loadings an alloy is formed. Earlier, Song
nd co-workers reported that Ni and Rh reduction proceed in two
onsecutive steps, but the Rh loading in that case was  much higher
48].

The results of a quantitative analysis of the TPR data are given in
able 3. It is seen that the extent of reduction of MgAl2O4-supported
atalysts depends on the promoter and increases in the order B < no
romoter < La < Rh. Importantly, Table 3 also contains the fraction
f reduced Ni (fNi) after reduction at 600 ◦C during the TPR exper-
ment. Obviously, the TPR experiments signify that Ni reduction
f the B-promoted catalysts is very difficult and one may  argue
hat after reduction at 600 ◦C for prolonged time the fraction of
educed Ni will be smaller than that of the other materials. The
h-containing catalysts are nearly completely reduced, whilst the

eduction of larger particles is more extensive than that of smaller
nes.

The reduction behavior of a few catalysts has also been mea-
ured by in situ XANES. Ni near-edge spectra at various reduction
gAl2O4, (b) Ni(30)/MgAl2O4, (c) Ni(20)/MgAl2O4-HDP, (d) Rh(0.5)/MgAl2O4 with

temperatures of pre-reduced and passivated Ni(20)/MgAl2O4-HDP,
Ni(20)/MgAl2O4 and Ni(20)La(10)/MgAl2O4 are collected in Fig. 4.
The best fit spectra are included as determined by a least-squares
fit with Ni metal and NiO reference XANES data. At room tem-
perature these catalysts contain a whiteline at ∼2 eV above the
edge, which is typical for Ni2+. This feature decreases in intensity
with increasing temperature, indicating that a larger proportion of
the Ni atoms becomes metallic. The whiteline is nearly absent for
Ni(20)La(10)/MgAl2O4. Fig. 5 shows the fraction of oxidic Ni and Rh
(fNi2+(Rh3+)) with temperature. These catalysts were pre-reduced at

600 ◦C, then passivated and exposed to air before the XANES exper-
iment with the exception of Rh(0.5)/MgAl2O4, which was reduced
in situ. To start with the latter, the reduction occurs over a broad
temperature range up to 600 ◦C. Rh reduction is nearly complete
at the final temperature and exposure to gas RF and MR  conditions
Ni(20)/MgAl2O4-HDP 2.75 0.84 0.43

Ni(20)/La2O3-HDP 4.03 1.16 –

a Based on Ni loading; reduced up to 800 ◦C.
b Fraction of metallic Ni after reduction up to 600 ◦C.
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ig. 2. Transmission electron micrographs, particle size distributions of 

i(20)Rh(0.5)/MgAl2O4, (e) Ni(20)Rh(1.6)/MgAl2O4 with average particle diameter

egree of about 75%. These values are somewhat higher than the
inetic result obtained by TPR. Compared to this, the reduction of
i(20)/MgAl2O4 amounts to 55% after re-reduction from an ini-

ial reduction degree of nearly 30%. The higher reduction degree
f Ni(20)/MgAl2O4 in comparison to the HDP sample is in reason-
ble agreement with the TPR results. The La-promoted catalyst is
early completely reduced. In those cases that reduction of the Ni
hase is not complete, it is seen that steam reforming under RF or
R conditions leads to a gradual increase of the reduction degree.

his is in line with the TPR results that indicate that the Ni phase is
till reducing at 600 ◦C. It should be noted that the catalysts were
educed at 600 ◦C for 5 h prior to catalytic activity testing for steam
ethane reforming and, accordingly, one may  argue that the final
i reduction degrees are close to the values after MR  testing.

.2. Catalyst activity measurements
The catalysts were tested for their activity and stability in SMR
nder the following conditions: 15 h RF (RF1), 20 h MR  (MR1), 2.5 h
F (RF2) and 2.5 h MR  (MR2). The reaction rate is corrected for the
i(20)La(10)/MgAl2O4, (b) Ni(20)B(1.4)/MgAl2O4, (c) Ni(30)B(2)/MgAl2O4, (d)
, 4.6, 6.4, 7.5, 6.2 nm,  respectively.

metal dispersion and the fraction of the active phase in its metallic
form in order to make meaningful comparisons. For the Ni disper-
sion we  used values determined by TEM analysis. This introduces
only a small error because the promoter content is small in all cases.
Similar to the method outlined by Wei  and Iglesia [53], the fraction
of metallic Ni as determined by TPR after reduction at 600 ◦C was
used to correct for the amount of non-reduced Ni. Accordingly, an
intrinsic activity per surface atom can be calculated.

Fig. 6 shows the initial intrinsic activities as a function of the Ni
dispersion. The initial reaction rate increases linearly with the dis-
persion. In accordance with our earlier results, this finding implies
that the overall SMR  rate is controlled by the dissociative methane
adsorption over low-coordinated surface atoms [55]. A similar cor-
relation for Ni-based catalysts has been reported before for three
MgO-supported Ni catalysts with a variation of the Ni dispersion
between 9% and 15% [53]. It is interesting to note that the intrinsic
activity of the Rh-promoted catalysts follows the same trend as

found for the non-promoted Ni catalysts. This strongly suggests
that the Rh promoter is not involved in the reaction other than
influencing the dispersion and reduction degree of the Ni phase.
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ig. 3. TPR profiles of the (left) supports, monometallic catalysts, (right) promote
DP,  (e) La(10)/MgAl2O4, (f) B(2)/MgAl2O4, (g) Rh(0.5)/MgAl2O4, (h) La2O3, (i) N
i(30)B(2)/MgAl2O4, (n) Ni(20)Rh(0.5)/MgAl2O4, (o) Ni(20)Rh(1.6)/MgAl2O4.

 similar line of reasoning can be followed for the La-promoted
atalyst, although these catalysts exhibit a slightly lower intrinsic

ctivity. This may  be due to some decoration of Ni particles by lan-
hana patches [16,61].  The B-promoted catalysts, on the other hand,
xhibit a much higher intrinsic activity. It should be noted that the

ig. 4. Ni K-edge XANES spectra recorded of pre-reduced, passivated (left) Ni(20)/MgAl
ere  obtained during reduction at (a) RT, (b) 200 ◦C, (c) 400 ◦C, (d) 600 ◦C. The fitted spect
iO  and a Ni foil.
lysts: (a) MgAl2O4, (b) Ni(20)/MgAl2O4, (c) Ni(30)/MgAl2O4, (d) Ni(20)/MgAl2O4-
La2O3-HDP, (j) LaNiO3, (k) Ni(20)La(10)/MgAl2O4, (l) Ni(20)B(1.4)/MgAl2O4, (m)

high intrinsic activity mainly derives from the correction for the
low reduction degree of the catalysts. One may  interpret this result

in two  ways. Firstly, one may  argue that B promotion results in a
much higher reactivity of the Ni surface atoms. Xu and Saeys [60]
have argued that a surface reconstruction of the Ni terrace surface

2O4-HDP, (middle) Ni(20)/MgAl2O4-DI, (right) Ni(20)La(10)/MgAl2O4. The spectra
ra (dotted lines) are included. The spectra of the references are those of high purity
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Fig. 5. Fraction of oxidic Ni (Rh) (fNi2+(Rh3+)) as determined by XANES during

(left) reduction, followed by (right) steam reforming at RF, MR  condition at 1 bar
(closed symbols), 5 bar (open symbols) of MgAl2O4-supported Ni (Rh) catalysts:
Ni(20)/MgAl2O4-HDP (squares), Ni(20)/MgAl2O4 (triangles), Ni(20)La(10)/MgAl2O4

(rhombi), Rh(0.5)/MgAl2O4 (circles). Note that the Ni-based catalysts were pre-
r
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Fig. 6. Initial CH4 steam reforming rates as function of Ni dispersion of monometallic
(squares), La-promoted (rhombic), B-promoted (triangles), Rh-promoted (circles)
catalysts (T = 600 ◦C, p = 1.2 bar, H/C = 10, O/C = 3). The initial rate is defined as the

F
H

educed, passivated, exposed to air whereas the Rh catalyst was  fresh before
eduction.

nto a more reactive steplike surface, when the octahedral sites
f subsurface layers are occupied by B, leads to stronger methane
dsorption and accordingly a lower barrier for methane dissocia-
ion. In this case, the linear relation between the reaction rate and
he Ni dispersion of the B-promoted catalysts suggest that methane
issociation remains rate limiting. A second and alternative expla-
ation is that an amorphous NiBx phase is the active phase. Also

n this case, the correlation between the rate and the dispersion as
etermined by TEM remains in place and allows to conclude that
issociative methane adsorption is rate limiting. If we  assume that
ll Ni is involved in the SMR  reaction as a nickel boride, the intrinsic
ate is reasonably similar to that of the unpromoted Ni catalysts.

The effect of the promoters on the stability of a subset of the Ni

atalysts during changing experimental conditions from RF and MR
s illustrated in Fig. 7. These catalysts were chosen to have a nearly
imilar Ni dispersion and are compared to the two  unpromoted Ni

ig. 7. CH4 reaction rate constants as function of time on stream, during two interchanging
/C  = 3, O/C = 3) of (left) monometallic (squares), (right) La-promoted (rhombi), B-promot
average rate between 0.5 and 2.5 h RF. The initial rate of the B-promoted catalysts
under assumption of full reduction is indicated by open symbols, a dotted line.

catalysts and Rh(0.5)/MgAl2O4. The intrinsic activity during RF is
slightly higher than during MR.  An explanation for this effect might
be found in the much lower methane and higher carbon dioxide
concentrations of MR,  which results partial dry reforming. All cata-
lysts deactivate during the SMR  reaction and the non-promoted Ni
catalysts seem to deactivate more than the promoted catalysts. The
rate of deactivation also depends on the Ni particle size. Larger Ni
particles deactivate stronger than smaller Ni particles, independent
of the feed composition. This can be explained by considering coke
as the main reason of deactivation. Several detailed studies have
shown that large Ni particles are more prone to reaction-induced
reshaping to form step-edges that act as growth sites for carbon
species [17,62,63] and that they have a higher driving force for car-
bon diffusion due to a lower saturation concentration of carbon

[64].

To compare the deactivation in a semi-quantitative manner,
the slopes of the deactivation during the RF1 and MR1  condition

 conditions RF (T = 600 ◦C, p = 1.2 bar, H/C = 10, O/C = 3) and MR  (T = 600 ◦C, p = 1.2 bar,
ed (triangles), Rh-promoted (circles) catalysts.
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Table 4
Slopes of the deactivation (RC) during SMR  under RF, MR conditions.

Catalyst dav (nm) RC (kPa−1 s−1 h−1)

RF1, 0–15 h MR1, 15–35 h

Ni(20)La(10)/MgAl2O4 7.2 −0.016 −0.011
Ni(30)B(2)/MgAl2O4 6.4 −0.007 −0.012
Ni(20)Rh(1.6)/MgAl2O4 6.2 −0.014 −0.009

Ni(20)/MgAl2O4 8.1 −0.021 −0.018
Ni(20)/MgAl2O4-HDP 4.5 −0.012 −0.009
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3.3. Deactivation

F
a
N

Rh(0.5)/MgAl2O4 1.4 −0.015 −0.017

re collected in Table 4. The deactivation during RF of the La-
nd Rh-promoted catalyst is nearly identical to the non-promoted
i catalyst containing particles smaller in size. The B-promoted
atalyst exhibits improved stability, whereas large Ni particles
eactivate strongest. Upon exposure to MR  conditions the rate of
eactivation decreases, except for the B-promoted and Rh catalysts.

Recently, Sehested et al. [65–67] have discussed the contri-
ution of sintering to deactivation of similar MgAl2O4-supported
i catalysts at various pre-reforming conditions and formulated

 model that is able to predict the sintering rate of Ni catalysts.
he sintering rate is higher for the K- and S-promoted Ni catalysts
nly at high pressures [68]. Based on their results it is reasonable
o assume that sintering is not the main cause of deactivation in
he present study. This is supported by the higher rate constant
f the catalysts during RF2 in comparison to the rate constant

uring RF1. To compare the effect of different reaction conditions
or Rh(0.5)/MgAl2O4, the average particle size was determined for
pent and aged Rh(0.5)/MgAl2O4, prepared by exposure to RF and

ig. 8. TPO profiles of coked monometallic (left), promoted catalysts (right) after be
t  600 ◦C. (a) Ni(20)/MgAl2O4, (b) Ni(20)/MgAl2O4-HDP, (c) Rh(0.5)/MgAl2O4, (d) Ni(20
i(20)Rh(1.6)/MgAl2O4.
s A: General 405 (2011) 108– 119

15 vol.% H2O + 3 vol.% H2 in He at 600 ◦C for 75 h, respectively. The
average Rh nanoparticle size was  very similar to that of the reduced
catalyst, namely 1.9 ± 0.5 nm for the spent and 1.6 ± 0.4 nm for the
aged catalyst. The rate of deactivation for this catalyst is comparable
to that for the Ni catalysts and we may  indeed conclude that sinter-
ing is not the main cause of deactivation. The B-promoted catalyst
is the notable exception, which might indicate that the NiB parti-
cles have sintered and this would seem to agree with the increasing
loss of activity upon comparison of the activity under RF1 and RF2
conditions (Fig. 7).

Deactivation might also be caused by oxidation of the active
metallic phase during reaction as reported earlier for catalysts con-
taining very small Rh nanoparticles [55,69]. Ni catalysts are prone
to oxidation and, accordingly, H2 is often added to the feed [70].
However, large Ni particles are more difficult to oxidize than small
ones and they can also be protected for oxidation by a larger amount
of carbon species. Hence, if oxidation would be the dominant rea-
son for deactivation the small Ni particles would be expected to
deactivate the fastest, which is clearly not the case (Fig. 7). For Rh-
promoted catalysts it has been reported that they keep Ni in the
reduced state because of the presence of a strong Ni–Rh interac-
tion [48]. We  expect that this is also the case for the La-promoted
catalyst due to its similar reduction behavior. The superior stability
of the B-promoted catalyst points to the absence of Ni oxidation
during reaction. Therefore, further experiments were focused on
the influence of the promoter on the formation of coke.
To investigate deactivation by coke in more detail, stimulated
coking experiments were carried out. To this end, catalysts were

ing exposed to 10 vol.% CH4 in He for 5 min  (dashed line), 10 min  (solid line)
)/La2O3-HDP, (e) LaNiO3, (f) Ni(20)La(10)/MgAl2O4, (g) Ni(30)B(2)/MgAl2O4,  (h)
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Table  5
The amount of carbon in monometallic, promoted catalysts as determined by TPO after exposure to the indicated gas mixture (balance He) at 600 ◦C.

Catalyst dav (nm) t (min)a Partial pressure (bar)b Tmax (◦C) Coke (mmol/gcat) Coke (mmol/mmol Msurf)c

CH4 H2 CO CO2

Ni(20)La(10)/MgAl2O4 7.2 5 0.1 – – – 485, 574 9.3 23.9
10 0.1  – – – 485, 611 21.3 54.6
10  0.1 0.07 – – 611 10.6 27.3

Ni(30)B(2)/MgAl2O4 6.4 5 0.1 – – – 543, 678 5.5 7.1
10  0.1 – – – 547, 680 8.5 10.9

Ni(20)Rh(1.6)/MgAl2O4 6.2 5 0.1 – – – 485, 596 9.6 19
10  0.1 – – – 485, 621 19.8 39.2
10 0.1  0.07 – – 625 11.1 22

Ni(20)/MgAl2O4 8.1 5 0.1 – – – 600 10.8 28.6
10  0.1 – – – 623 21.4 56.6
15  0.1 – – – 638 27.6 72.8
10  0.1 0.03 – – 623 15.8 41.7
10  0.1 0.07 – – 625 11.8 31.2
10  0.1 0.15 – – 631 4.2 11.1
10  – – 0.1 – 530 2.6 7
10  – – – 0.1 242, 438 0.05 0.14

Ni(20)/MgAl2O4-HDP 4.5 5 0.1 – – – 663 8.7 11.9
10  0.1 – – – 678 14.5 19.7
10  0.1 0.07 – – 669 9.5 13
10  – – 0.1 – 622 1.1 1.5

La(10)/MgAl2O4 – 10 0.1 – – – 535 0.03 –

B(2)/MgAl2O4 – 10 0.1 – – – 475 0.005 –

Rh(0.5)/MgAl2O4 1.4 5 0.1 – – – 379 0.8 17.7
10  0.1 – – – 386 1.1 25.1
10  0.1 0.07 – – 364 0.4 10.2
10  – – – 0.1 200 0.07 1.7

MgAl2O4
– 10 0.1 – – – ∼700 0.012 –

120  0.1 – – – ∼500 0.005 –

Ni(20)/La2O3-HDP n.d. 10 0.1 – – – 592 14.9 –
10  0.1 0.07 – – 577 9.3 –

LaNiO3 – 10 0.1 – – – 468, 645 2.3 –

a Time of exposure.
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b Partial pressures of gases for carbon laydown (balance He).
c M = Ni or Rh.

xposed to different gas mixtures at 600 ◦C followed by TPO
o determine the amount and nature of carbonaceous deposits.
ome TPO profiles of coked catalysts are displayed in Fig. 8. Coke
xidation occurs mainly between 400 and 700 ◦C. Carbonaceous
eposits on Ni-based catalysts are typically of the type encapsulat-

ng/gum carbon, amorphous/pyrolytic carbon (thin CHx films or a
ew layers of Ni covering graphite) and carbon whisker (filaments)
17]. The oxidation of amorphous carbonaceous deposits occurs at
elatively low temperature, whilst graphitic carbon is oxidized at
igh temperature [21].

Table 5 collects the amount of carbon deposited during expo-
ure to different gas mixtures at 600 ◦C followed by TPO. The total
mount of carbon as well as the ratio of carbon per surface atom
vidences that the dominant source of coke is CH4, because the
oke deposits formed by dissociative adsorption of CH4 are about
ne order of magnitude greater in amount than those generated by
O. The amount of coke formed by decomposition of CO2 is even

ower. Ni(20)/MgAl2O4 is more susceptible to form coke than its
ounterpart prepared by HDP. With increased time of exposure
o methane the reactivity of the carbonaceous deposits towards
xidation is greatly reduced. The decomposition of methane with
ydrogen reduces the amount of carbon deposits formed and can

herefore partially prevent encapsulation and thus deactivation of
he catalyst.

The coking propensity of Ni-free promoter-containing supports
s negligible and similar to that of the bare support, expect for
Rh(0.5)/MgAl2O4. This catalyst has about three times more carbon
per surface Rh atom at 600 ◦C than formed at 500 ◦C. The temper-
ature of coke oxidation on Ni is more than 200 ◦C higher than on
Rh, showing the better resistance against coking of the more noble
metal.

The amounts of coke on Ni(20)/MgAl2O4-HDP and
Ni(20)/La2O3-HDP are quite similar. The coke on Ni(20)/La2O3-
HDP is easier to oxidize. It points to the interaction of Ni with La on
the support. The amount of coke formed and its reactivity towards
oxidation of Ni(20)La(10)/MgAl2O4 does not significantly differ
from the unpromoted catalyst. These results are expected because
the formation of coke on La-containing catalysts is supposed to be
suppressed by a higher gasification rate of carbon with adsorbed
CO2 present in the form of La2O2CO3-type species [38,71].  High
amounts of strongly binding carbonates may  hinder the SMR  reac-
tion by slowing regeneration of these active sites. Indeed, a more
intense and significantly broader peak is found in the CO2-TPD
profile of Ni(20)La(10)/MgAl2O4 in comparison to Ni(20)/MgAl2O4
(not shown), which demonstrates that the basicity is increased.
XRD (not shown) of carbonated La2O3 revealed the transformation
of La2O3 into La2O2CO3-type species. From these results we can
reason that a change in the concentration of oxycarbonate species

by the higher CO2 partial pressure in MR  led to a decrease of
deactivation.

The amount of carbonaceous deposits formed on the B-
promoted catalyst is low taken into account its activity. Two peaks
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re visible in the TPO profile centered around 545 and 680 ◦C. By
omparison to the profiles of non-promoted catalysts, the use of B
reatly reduces the formation of more difficult to oxidize carbon
eposits. This is in line with its higher stability during SMR  and

t could reflect a selective blockage of subsurface and step sites
or the initiation of carbon formation by B [41]. The amount of
oke formed on the Rh-promoted catalyst is slightly lower than
f Ni(20)/MgAl2O4, which could be the result of the higher hydro-
enation activity of Rh, in addition to alloy species [72]. Overall,
he amount of carbonaceous deposits increases in the order B < no
romoter-HDP < Rh < La ∼ no promoter.

. Conclusions

The reaction rate of Ni-based reforming catalysts increases lin-
arly with the Ni dispersion. Accordingly, it is important to employ
ighly dispersed Ni to obtain sufficiently active Ni-based catalysts

or energy-efficient membrane reforming of methane. Such small
i particles may  be obtained by standard deposition-precipitation

echniques or the use of B as a promoter. In comparison, La and
h as promoters have a smaller effect on the Ni particle size. The
egree of Ni reduction depends on the particle size and the addi-
ive. Small Ni particles cannot be fully reduced, especially in the
resence of B. The degree of reduction strongly increases if Ni is in
ontact with La or Rh. The initial intrinsic rate per surface metal
tom increases linearly with the Ni metal dispersion for Ni, NiLa
nd NiRh catalysts. This implies that the La and Rh promoters do
ot participate in the reaction and only modify the Ni particle size.
he catalysts modified by B show a much higher surface atom based
ctivity if it is assumed that only reduced Ni sites participate in the
eaction. If a NiBx phase is assumed to be active, the intrinsic activ-
ty of NiB catalysts is similar to that of the other catalysts. Catalyst
tability increases in the order La < Rh < B. Deactivation of the cat-
lysts is caused by insufficient removal of carbon species from the
urface of Ni particles and the formation of stable, graphitic carbon
eposits, most likely covering the surface of metal. This effect is
uppressed for smaller Ni particles. Consequently, the effect of the
dditives can be explained by the way they affect the generation
r removal of deactivating carbon species. B is an excellent struc-
ural promoter to obtain small Ni particles, Rh stabilizes metallic
i and La can remove some of the carbon deposits more effectively
y gasification. Only the B promoter has a very favorable influence
n the Ni dispersion and its stability to steam methane reform-
ng at a moderate operation temperature. Despite the inhibition of
i reduction by B, B-promoted Ni catalysts show similar weight-
ased reaction rates as a standard Ni catalyst of similar dispersion
ut with improved stability.
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