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The  role of the  catalyst  preparation  technique  was  investigated  for diesel  reforming.  Reverse  microemul-
sion  (ME)  and  incipient  wetness  (IW)  techniques  were  used  for the  preparation  of Rh-based  monolithic
catalysts  that  were  employed  for hydrogen  generation  of  low-sulfur  diesel  via  autothermal  reforming
(ATR).  The  washcoat  of  the  tested  catalysts  consisted  of  0.5 wt%  Rh,  1 wt%  Rh,  and  1:1  wt%  Rh:Pt  supported
on  �-alumina.  All  washcoats  were  deposited  on 400  cpsi  cordierite  monoliths.  The  reaction  condition  was
Tfeed =  650 ◦C, H2O/C  ∼ 2.5,  O2/C  ∼ 0.49,  TOS  = 3 h, GHSV  ∼  13  000  h−1 and  P =  1  atm.  Fresh  and  aged  powder
samples  of  the  catalyst  were  characterized  by  N2-BET,  H2 chemisorption,  XRD,  H2-TPR,  O2-TPO  and  TEM.

The activity  results  established  that  Rh  and  RhPt  formulations,  prepared  by  ME  and  IW,  are  highly
active  for  ATR  of diesel  where  fuel  conversions  above  92%  were  obtained.  FTIR  and  NDIR analysis  also
showed  that  the highest  formation  of  ethylene  was  found  in the  product  gas  stream  from  the bimetallic
samples  indicating  that  RhPt/Al2O3 is  less  resistant  towards  carbon  deposition.  The  latter  observation
was  confirmed  by  O2-TPO  analysis  of the  aged  samples  where  high  loads  of coke  were  found  both  on the
active  metals  and  on  the  support.  Interestingly,  these  effects  were  less  significant  on the ME  samples.

The  characterization  results  clearly  showed  differences  in  morphology  between  the  ME  and  the  IW
samples.  N2-BET  analysis  showed  that  higher  surface  area,  ∼268–285  m2/g, was  obtained  with  the  ME
samples.  Also,  H2 chemisorption  analysis  showed  that  the  rhodium  dispersion  was  ∼10%  higher  for  the
ME  samples  (H/Rh  ∼  60–66%).  XRD  analysis  showed  that  crystalline  phases  of �-alumina  were  present

on  all  samples.  The  diffractograms  also  showed  small  traces  of  metallic  Pt  (∼16–30  nm)  in  the  bimetallic
samples.  H2-TPR  analysis,  showed  peaks  ascribed  to bulk  rhodium  oxides  and  rhodium  aluminates.  It
was also  noted  that  the  addition  of Pt on the  support  lowered  the reducibility  of  the  different  rhodium
species.  TEM analysis  performed  on  the  fresh  and  aged  ME and  IW  bimetallic  samples  showed  mainly
RhxPt1−x alloys  with  an  average  particle  size  of  ∼20–50 nm  were  present  on  the alumina  support.  Also,  for
the  aged  samples,  no  sintering  effects  were  noted.  Furthermore,  rhodium  was  found  to  switch  oxidation

0 whi
state  from  e.g. Rh3+ to  Rh

. Introduction

Due to stringent legislation concerning idling emissions of NOx,
O and HC during the last few years, particularly in the US [1–3], fuel
ell auxiliary power units (FC-APU) has emerged as a very promis-
ng technology for heavy-duty diesel trucks [3,4]. Idling emissions
re generated when the trucks are at standstill while the engine is

till in use. Idling typically occurs when drivers utilize the vehicles’
lectronic comfort units (e.g. A/C, radio, TV, computer) e.g. dur-
ng cargo off-loading as well as spending overnight at rest-stops
3,4]. Statistics have shown that diesel trucks operate in the idling

∗ Corresponding author. Tel.: +46 87908236.
E-mail address: xanthias@kth.se (X. Karatzas).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.042
le  Pt remained  in the  metallic  state.
© 2011 Elsevier B.V. All rights reserved.

mode during 20–40% of total operating time [4,5]. This is detri-
mental as both the truck drivers’ health and diesel engine life-time
are jeopardized, at risk of being shortened [2–5]. Several articles
have shown the potential of using 5–10 kWe polymer-electrolyte
fuel cell (PEFC) based, hydrogen-fed, FC-APU units to provide the
necessary electricity needed during idling [6–8]. In this case, the
fuel-cell utilizes hydrogen, along with air, to generate electricity
forming steam as a by-product. Total life-cycle emission predic-
tions have shown that pollutants from FC-APU will be 99% lower
compared to idle operation of diesel engines [9].  Besides lower

emissions, other benefits with an FC-APU utility are: portability,
meaning it can be directly integrated with the set-up of the diesel
trucks; silent operation; and also a high overall energy efficiency,
up to 36% can be achieved [3,6,8].  In an FC-APU, the hydrogen stor-
age problem is circumvented as hydrogen is generated onboard

dx.doi.org/10.1016/j.cattod.2011.02.042
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:xanthias@kth.se
dx.doi.org/10.1016/j.cattod.2011.02.042
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rom diesel (energy density ∼38.6 MJ/dm3) by a catalytic reformer.
he hydrogen yield can be further improved by sequential high-
nd low-temperature water-gas-shift (WGS) units [10]. Different
oncepts for reactor design of onboard catalytic diesel reformers
ave been published both in the micro- and full-scale [10,11]. Most
f these reactors are based on the autothermal reforming (ATR)
rocess technology, which is a dynamic and energy-efficient pro-
ess capable of handling the frequent start-ups and shutdowns
ccurring both during transient and steady state operation of the
iesel trucks. Furthermore, most of the reactors employ wash-
oated monoliths as catalyst. These catalytic systems have been
roven to be ideal for automobile systems both in the past 30 years
nd in present e.g. in the use of exhaust gas cleaning of CO, HC and
Ox [12].

In recent years many studies have been performed focusing on
he optimization of the washcoat composition of the diesel reform-
ng monolithic catalyst. Base metals such as Ni, Co and Fe have
een tested and shown high activity and selectivity for ATR; how-
ver the durability and stability of these materials are poor due
o catalyst deactivation e.g. volatilization of active metal parti-
les, sintering effects and coke deposition on active sites [13,14].
ow loadings of rhodium and rhodium–platinum formulations
ave proven to be very active for diesel reforming [15,16]. These
oble metals are both mechanically and thermally stable at the
igh reaction temperatures that are carried out for diesel reform-

ng, ∼650–900 ◦C [6,10,17]. The noble metals are also capable of
andling both the oxidative and reductive environment occur-
ing during ATR, and are also very resistant against deactivation
echanisms e.g. sulfur poisoning and carbon deposition [15,18]. A

ariety of supports have been documented and used for the Rh-
ased catalyst e.g. alumina, zirconia, ceria–zirconia, pyrochlores
nd magnesium oxide, among others [6,15–17,19–21].  Most of
hese catalysts have been prepared by conventional methods. A
ypical example is the incipient wetness (IW) method. In this case,
he support material is impregnated by an aqueous solution of the
h metal precursor, often nitrate solutions, in order to fill up the
ores of the support. The impregnated material is then dried, cal-
ined and reduced in order for the crystalline metal particles to
e formed within the pores of the support. This method is easy
nd straight forward to implement. On the other hand, the par-
icle size distribution is often broad since it is often influenced
y the pore thickness of the support. Also, the dispersion can
e low since the particle positioning of the impregnated metals

s stochastic which may  lead to particle agglomeration [22–24].
 preparation method that has attracted increasing interest dur-

ng last decade is the microemulsion (ME) method [22–24].  The
ethod generally involves using one or two thermodynamically

table solutions of water/oil emulsions blended with a reducing
gent e.g. hydrogen, hydrazine or ammonia. In this case, the forma-
ion of the crystalline metal particles takes place already at room
emperature in the microemulsion, after the addition of a reduc-
ng agent. Unlike IW,  the particle size distribution does not rely
n the pore thickness of the support but rather on the nature of
he microemulsions employed. The particle size can be controlled
.g. by varying the water-to-surfactant ratio. Hence, smaller nano-
ized particles can be generated with narrow size distribution.
ately, ME  prepared noble-metal based catalysts have with promis-
ng results been tested for high temperature application such as
artial oxidation of methane [25,26]. However, limited studies can
e found in the literature where noble metal ME  catalysts have
een used for diesel reforming. Hence, it is interesting to find out
he activity, selectivity, stability and durability of these particular

atalysts.

In this study, ATR of low sulfur diesel was tested at bench
cale to detect differences in activity for IW and ME  catalysts
ontaining 0.5 wt% Rh, 1 wt% Rh and 1:1 wt% RhPt supported
ay 175 (2011) 515– 523

on �-alumina. Fresh and aged powder samples of the cata-
lysts were characterized by N2-BET, H2 chemisorption, XRD,
H2-TPR, O2-TPO and TEM analyses. The aim of this study is to
bridge the gap of knowledge concerning the role of the prepara-
tion technique of Rh-based monolithic catalyst for use in diesel
reforming.

2. Experimental

2.1. Catalyst preparation

Incipient wetness and reverse microemulsion techniques were
used for catalyst preparation. The metal precursors used for the
preparation of the IW catalyst were Rh nitrate (Rh(NO3)3, Rh 8–10%,
w/w, Sigma–Aldrich) and Pt nitrate ((NH3)4Pt(NO3)2, Pt 3–4%, w/w,
Alfa Aesar) solutions. The alumina powder (PURALOX HP-14/150,
Sasol Germany GmbH) was impregnated with the metals in accor-
dance with the nominal weight loadings presented in Table 1. The
metal solution was dripped onto the alumina and carefully mixed.
This procedure was  repeated twice, with a drying step at 110 ◦C for
3 h in between. The resulting powders were then calcined in air at
800 ◦C for 3 h.

The microemulsion samples were prepared, under continu-
ous stirring, by mixing two different reverse micelle solutions;
one solution containing the precipitating agent ammonia (99.99%,
Alfa Aesar) and one containing the metal precursors Rh
nitrate (Rh(NO3)3, Rh 8–10%, w/w, Sigma–Aldrich), Pt nitrate
((NH3)4Pt(NO3)2, Pt 3–4%, w/w,  Alfa Aesar) and Al nitrate
(Al(NO3)3·9H2O, 99.99%, Alfa Aesar). Triton® X-100 (Alfa Aesar)
was employed as surfactant, 1-hexanol (99%, Alfa Aesar) as co-
surfactant and cyclohexane (99%, Alfa Aesar) as the oil phase. The
volumetric ratio of the water/surfactant/co-surfactant/oil phase
employed was (1.5/1.0/1.2/7.2). A similar volumetric ratio has been
reported by Wang et al. [27]. In this study, the water solution, con-
taining the nitrates and deionized water, was slowly added, drop
by drop, onto the Triton® X-100, cyclohexane and 1-hexanol mix-
ture. This procedure was carried out until the appearance of the
latter was transformed from a milky viscous liquid into a transpar-
ent single phase mixture. Ammonia was  then carefully added to the
transparent mixture under stirring, at T = 25 ◦C, until pH = 8.5 was
reached. The resulting precipitate was  stirred for 24 h, centrifuged
for 1 h at 4000 rpm, decanted and washed with ethanol. The result-
ing powder was dried overnight at 80 ◦C. The powder material was
then calcined in air using a heating ramp set to 0–200–500–800 ◦C
to remove potential surfactants and other impurities. The calcina-
tion temperature was  kept at the end of each interval (200, 500 and
800 ◦C) for 3 h, and the ramp speed was  set to 5 ◦C/min.

After calcination, all IW and ME  powders were suspended
in ethanol slurry (∼20 wt% powder), ball milled for 24 h and
deposited via a dip-coating procedure on 400 cpsi cordierite mono-
liths, d = 20.5 mm,  l = 30.5 mm  (Corning). The dip-coating procedure
was repeated until catalyst loadings of 20 wt% of the total weight
(monolith and catalyst material) were reached. The coated mono-
liths were then calcined in air at 800 ◦C for 3 h. Table 1 exhibits the
washcoat properties of the IW and ME  monolithic catalyst used in
this study.

2.2. Characterization

The catalyst powder samples in this study were characterized
• Nitrogen adsorption at liquid N2 temperature (N2-BET) was used
to measure the surface area, pore volume and pore size distribu-
tion of the fresh samples. A Micromeritics ASAP 2010 instrument
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Table 1
Washcoat properties of fresh incipient wetness (IW) and microemulsion (ME) alumina-supported Rh and RhPt catalysts. The surface area and porosity were measured by
N2-BET, the dispersion and crystallite size of Rh were determined by H2 chemisorption, while the crystallite size of Pt was determined by XRD.

Catalyst[wt%] Surface area[m2/g] Pore volume[cm3/g] Pore diameter[Å] H/Rh[%] dp(Rh)[nm] dp(Pt)[nm]

Rh0.5-IW 131 0.93 285 58 1.9 n.a.
Rh1.0-IW 134 0.95 282 56 2.0 n.a.
Rh1.0Pt1.0-IW 132 0.92 278 n.a. n.a. 30a

Rh0.5-ME  285 1.24 192 66 1.7 n.a.
Rh1.0-ME  268 1.23 183 60 1.8 n.a.
Rh1.0Pt1.0-ME  277 1.33 191 n.a. n.a. 17b

a Pt crystallite size was measured at 2� = 86◦ using the Scherrer equation.

•

•

•

•

X
d
d
b
f
a
l
i

b Pt crystallite size was  measured at 2� = 40◦ using the Scherrer equation.

was employed. Prior to the analysis the sample, ∼0.4 g, was
degassed in vacuum for 3 h at 250 ◦C.
X-ray diffraction (XRD) was used to determine the crystal phases
of the fresh samples. A Siemens Diffraktometer D5000 scanning
2� from 10◦ to 90◦ in the scan mode (0.02◦, 1 s), using Ni filtered
Cu K� radiation was employed.
Temperature programmed reduction (TPR) was  performed to
determine the reducibility of the fresh samples. Approxi-
mately 0.1 g sample was reduced in hydrogen, 5 vol.% H2 in
Ar (50 cm3/min), in the temperature range of 30–1000 ◦C with
the heating rate set to 10◦/min. A Micromeritics Autochem
2910 equipped with a thermal conductivity detector (TCD) was
employed. Temperature-programmed oxidation (TPO) was per-
formed to distinguish the type and amount of coke that was
present on the aged samples. Approximately 0.1 g of aged sample
was collected and heated in oxygen, 5 vol.% O2 in Ar (50 cm3/min),
in the temperature range of 30–1000 ◦C with the ramp speed set
to 10 ◦C/min. The same instrument as mentioned previously was
employed.
Hydrogen chemisorption analysis was used to measure the
dispersion and the crystallite size of the Rh particles in the
monometallic fresh samples by using a Micromeritics ASAP 2020.
The sample, ∼0.2 g, was pre-reduced by hydrogen at a tempera-
ture set to 950 ◦C, helium treated at 450 ◦C and finally hydrogen
treated and analyzed at 40 ◦C. The atomic stoichiometric value of
H/Rh = 1 was used for processing of the chemisorption data.
Transmission electron microscopy (TEM) was used to determine
the composition, morphology and particle size distribution of Rh
and Pt species of the fresh and aged Rh1.0Pt1.0-IW and Rh1.0Pt1.0-
ME samples. The samples were collected and transferred onto
a carbon film containing holes supported by a 200 mesh TEM
grid of copper. The powders, ∼0.1 g/sample, were gently ground
using a pestle and mixed in a solvent containing ∼2–3 droplets of
n-buthanol. A droplet of the solution was then added to the TEM
grid and dried. A JEM 2000FXII (JEOL) was used to image the par-
ticles size distribution (≥10 nm)  on the alumina support. Images
with high resolution were recorded using a transmission elec-
tron microscope equipped with a field emission gun, JEM 2100F
(JEOL), and an energy dispersive X-ray (EDX) spectrometer, JED
2300 (JEOL).

In this study, fresh powder samples were analyzed by N2-BET,
RD, H2 chemisorption, H2-TPR, and TEM analyses. The fresh pow-
er samples were taken from the catalyst preparation prior to
eposition on the monoliths. Aged powder samples were analyzed

y O2-TPO and TEM analyses. The aged powder samples were taken
rom the washcoats of the aged monoliths, which were assembled
fter the ATR experiments were completed. The samples were col-
ected by cutting the aged monoliths in half and scraping off the
nterior washcoat by using a scalpel knife.
2.3. Low-sulfur diesel reforming

The diesel reforming experiments were carried out at a reac-
tion condition of Tfeed = 650 ◦C, H2O/C ∼ 2.5, O2/C ∼ 0.49, TOS = 3 h,
GHSV ∼ 13 000 h−1 and P = 1 atm. A standard diesel fuel (S ∼ 6 ppm,
C/H ∼ 6.43(w/w)) whose physical and chemical properties are in
close correlation to Swedish Environmental Class 1 diesel (MK  1),
was used as feedstock [28]. The experiments were carried out in a
vertically mounted stainless steel tubular reactor with ID = 23.7 mm
equipped with a heating coil and three thermocouples to con-
trol the feed and reactor temperatures. The product gases were
analyzed using a Gasmet Cr-200 Fourier Transform Infrared Spec-
trometer (FTIR) and a Maihak modular system S710 equipped with
a non-dispersive infrared sensor (NDIR) and TCD. Further details
concerning the fuel properties, reactor set-up and experimental
procedure can be found in previous studies [16,17].

3. Results and discussion

3.1. Catalyst characterization

3.1.1. BET
The textural data of the fresh IW and ME  powder samples

obtained from the N2 sorption measurements are presented in
Table 1. As seen in the table, the highest surface areas are noted for
the ME  prepared samples. Furthermore, an increase of the Rh metal
loading on the alumina support had a slightly negative effect on the
surface area. The addition of the Pt addition had the opposite effect.
The BET surface areas for Rh0.5-ME, Rh1.0-ME  and Rh1.0Pt1.0-ME
were 285, 268 and 277 m2/g, respectively. The high surface areas
may  be ascribed to smaller particle size and better dispersion of the
synthesized active metal particles on the support. These attributes
are characteristic for ME  prepared samples [22–26].  These parti-
cle sizes and metal–support interaction trends can be found in the
results obtained from the H2 chemisorption, H2-TPR and TEM anal-
yses. These results will be discussed in details in Sections 3.1.2, 3.1.4
and 3.1.6, respectively.

For the IW catalyst, the impregnation of the active metals on
the support and the high calcination temperature employed at
800 ◦C resulted in a small decrease of BET surface areas. The �-Al2O3
powder used in the synthesized IW catalysts had an initial surface
area of 150 m2/g. The BET surface areas for Rh0.5-IW, Rh1.0-IW and
Rh1.0Pt1.0-IW were 131, 134 and 132 m2/g, respectively.

3.1.2. H2 chemisorption
The results from the H2 chemisorption measurements of the
fresh monometallic IW and ME  samples are also presented in
Table 1. As seen in the table, the highest rhodium dispersions
are noted for the ME  samples. For Rh0.5-ME  the H/Rh was ∼66%,
∼10% higher than for the IW sample with corresponding Rh load-
ing. For Rh1.0-ME, the double metal loading of rhodium on the



5 sis Today 175 (2011) 515– 523

a
t
a
a
t
I
R
s
m

t
t
p
T
t
c
d
s
3

p
s
f
R
[
t
c
i
l
R
t
t
i
h
fi
b
a
b
o
s

c
b
R
m
t
s
h
o
i
f
a

3

a
m
�
f
l
d
w
H
a
I
2

1009080706050403020100

In
te

n
s
it
y
 /
 a

.u
.

Rh
1.0

Pt
1.0

-ME

Rh
1.0

Pt
1.0

-IW

2θ
18 X. Karatzas et al. / Cataly

lumina support decreased the dispersion to ∼60%. This reduc-
ion is expected as an increased loading of rhodium within the
lumina pores with defined spaces, increases the probability of
gglomeration of the noble metal particles taking place both during
he synthesis and calcination stages. For the IW sample Rh0.5-
W,  high rhodium dispersion was noted, ∼58%, with an average
h crystallite size ∼1.9 nm.  For Rh1.0-IW, a slightly lower disper-
ion, ∼56%, and larger average Rh crystallite size ∼2.0 nm were
easured.
The chemisorption results of the ME  samples follow the same

rends as reported by others, lower crystallite and particle sizes are
ypically reported for ME  prepared samples [22–26].  In general, a
article can be defined as an agglomeration of several crystallites.
herefore, in order to validate the characterization results, the par-
icle size should exceed the size of a crystallite. In this work, H2
hemisorption and XRD analyses (see Section 3.1.3) were used to
etermine the crystallite size of Rh and Pt (Table 1). TEM analy-
is was used to measure the particle size of Rh and Pt (see Section
.1.5).

As seen in Table 1, the average Rh crystallite size for the ME  sam-
les ranges from 1.7 to 1.8 nm.  Other groups have reported very
mall Rh particles with size diameter in the interval of 1.5-5.0 nm
or ME  prepared samples [29–32].  For instance, the size control of
h on SiO2 by ME  preparation was investigated by Hanaoka et al.
31] where they found that the Rh particle size to be dependent on
he length of the HC in the alcohol used as the co-surfactant and the
hemical nature of the surfactant. The smallest Rh particle ∼1.5 nm
n average size was managed by using 1-butanol and polyoxyethy-
ene oleyether. Also, a study by Kishida et al. [32] showed that the
h particle size, ∼1.5–2 nm,  on SiO2 was favored by lower synthesis
emperature in the interval of 0–25 ◦C. However, it should be noted
hat the ME  recipes employed by the Hanaoka and Kishida groups
nvolved using the ingredients chloride salts as Rh precursor and
ydrazine as reducing agent. Chlorides are stable compounds dif-
cult to remove e.g. during the calcination stage [33] and thus can
e present on alumina e.g. during reforming of diesel. Hydrazine is

 very reactive reducing agent that needs to be handled with care
oth during the catalyst preparation as well as during the recovery
f the solvent in the liquid phase after the final stage of the ME
ynthesis is completed [22,23].

Scarce information can be found in the literature regarding
rystallite and particle size of bimetallic Rh–Pt catalysts prepared
y ME.  Typically reported noble-metal bimetallic ME  samples are
u–Pt formulations used as electrocatalysts for PEFC and direct
ethanol fuel cells (DMFC) [34–36].  In this study, H2 chemisorp-

ion analysis was not performed for the bimetallic IW and ME
amples since it is difficult to interpret from the results whether
ydrogen adsorbs solely on rhodium or on platinum particles,
r on Rh–Pt alloys. Instead a TEM analysis, described in detail
n Section 3.1.6, was done to get a better overview of the dif-
erent Rh and Pt particle size distributions and surface states on
lumina.

.1.3. X-ray diffraction
The crystalline bulk phases of the fresh samples Rh1.0Pt1.0-IW

nd Rh1.0Pt1.0-ME identified from the X-ray diffraction measure-
ents are shown in Fig. 1. The XRD patterns showed that the

-phase of alumina is present for both samples. Also, ME  was
ound to be less crystalline. Zhang et al. [37] have presented simi-
ar ME  alumina diffraction peaks. In this study, Rh phases were not
etected by XRD indicating that the rhodium particles are small and

ell-dispersed on the support. This confirms the results from the
2 chemisorption analysis where the Rh crystallite size for the IW
nd ME  samples was in the range of 1.7–2.0 nm,  as seen in Table 1.
n Fig. 1, peaks ascribed to metallic Pt [38,39] were observed at
� = 40, 46.5, 81.5 and 86◦. The crystallite size of Pt was ∼30 nm for
Fig. 1. XRD patterns for 2� between 10◦ and 90◦ at room temperature of Rh1.0Pt1.0-
IW  and Rh1.0Pt1.0-ME. Reflections of (�) metallic Pt. See Table 1 for catalyst
formulation.

the IW sample and ∼17 nm for the ME  sample (Table 1). It is pos-
sible that the high calcination temperatures at 800 ◦C, employed
during the catalyst preparation stage, may have caused formation
and agglomeration of the metallic Pt particles. In general, platinum
oxides, e.g. PtO and PtO2, are unstable and can easily decompose
and form metallic Pt at temperatures above 500 and 550 ◦C, respec-
tively [40–42].  Also, Pt particles sinter at temperatures exceeding
450 ◦C [10]. Furthermore, recent TEM studies have shown that Pt
particles migrate more easily on alumina than on other supports
such as zirconia [43,44].

3.1.4. Temperature-programmed reduction
H2-TPR profiles of fresh powder samples Rh1.0-IW, Rh1.0Pt1.0-

IW,  Rh1.0-ME  and Rh1.0Pt1.0-ME  are displayed in Fig. 2a and b.
Overall four peaks can be identified; one small at 100 ◦C which
may  be ascribed to reduction of bulk rhodium oxides, one smaller
at 200 ◦C denoted to possible strong rhodium interactions with the
support, one major at 450 ◦C which is due to hydrogen spillover
effect on the support and finally another major peak at 800 ◦C which
may  be ascribed to reduction of rhodium aluminates [33]. Based on
this latter observation, the pre-reduction temperature during the
H2 chemisorption analysis was set at 950 ◦C in order to make sure
that all rhodium species was reduced, even the rhodium aluminates
present at 700–900 ◦C (Fig. 2a and b), prior to the helium treatment
at 450 ◦C and the sequential chemisorption analysis performed at
T = 40 ◦C (see Section 2.2). This in order to obtain an accurate reading
and value of the Rh dispersion on the alumina supports.

As seen in Fig. 2a and b the TCD signals for the registered
peaks ascribed to rhodium species were low indicating that the
majority of the rhodium species were non-reducible and strongly
bonded to the support. Similar observations have been reported
in a previous study [16] and by others [33,45,46].  The strong
rhodium–alumina interactions may  have been caused by the high
calcination temperature employed in this study, 800 ◦C. At this cal-
cination temperature, rhodium particles become highly mobile and
may enter defects and voids in the alumina support making them
inaccessible for hydrogen reduction [45]. The effect of calcination
temperature on 1 wt% Rh/Al2O3 was  demonstrated by Burch et al.

[46] where the resultant H2-TPR profiles clearly showed significant
losses of reducible rhodium species at calcination temperatures
exceeding 500 ◦C.

In this study, two  clear trends can be observed from the TPR
profiles. First, the hydrogen uptake for the IW samples (Fig. 2a) was
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Fig. 3a–c. In Fig. 3a the TPO profiles of Rh0.5-IW and Rh0.5-ME  are
E.  The hydrogen consumption is displayed as function of temperature. See Table 1
or  catalyst formulation.

ound to be lower than for the ME  samples (Fig. 2b). For instance,
he TPR profile for sample Rh1.0-ME  shows a much more distinctive
nd sharper peak at 100 ◦C and a peak also at 200 ◦C compared to
h1.0-IW. The lower reducibility of the IW samples may  be due to
he lower Rh dispersion of these samples, 56–58%, compared to the

E samples, 60–66%, as seen in Table 1.
Another trend that can be noted in the TPR profiles is that the

ddition of Pt onto the alumina support lowered the reducibility of
he different rhodium species. This trend was notable both for the
W and ME  bimetallic samples. The largest reduction was  noted for
he bulk rhodium oxides as no peaks were detected at 100 ◦C. The
eaks at 400 and 800 ◦C ascribed to the reduction of support and
hodium aluminates were only slightly lowered. A possible expla-
ation to this reduction trend is that Pt forms RhPt alloys with Rh

eading to a decrease of accessible rhodium oxides and rhodium
luminates on the support. This alloy formation trend can also be
een on the TEM analysis, which is discussed in detail in Section
.1.6. As for the Pt particles not present in any alloy formation, it

s unlikely that these particles were reduced by hydrogen during
2-TPR as e.g. the XRD analysis showed that the Pt content in the
resh IW and ME  samples was metallic (Fig. 1). The TEM analysis,
hich is discussed in detail in Section 3.1.5, showed similar results

f Pt state for this group of single Pt particles.
Fig. 3. TPO profiles of aged IW and ME  catalysts, and fresh cordierite. The oxy-
gen consumption is displayed as function of temperature. See Table 1 for catalyst
formulation.

3.1.5. Temperature-programmed oxidation
TPO profiles of the aged IW and ME  samples are presented in
displayed. Typically, CO and CO2 are formed and measured by TCD
during the O2-TPO treatment of the carbon deposited aged pow-
der samples of the catalysts. The intensity of the TCD signals is
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ig. 4. (a–c) TEM images of typical RhxPt1−x alloy, rhodium oxides RhiOx and met
ere determined using EDX analysis. (c) An enlargement of (b), in which a possib
hiOx–RhxPt1−x alloys in the fresh and aged powder samples of Rh1.0Pt1.0-IW.

n indicator of the amount of coke present on the catalyst surface
nd bulk reacting with oxygen and forming CO and CO2. As seen
n the figures, overall four peaks were observed indicating that a
ariety of agglomerated carbonaceous species was present on the
ged catalyst. The initial small oxidation peak detected at ∼100 ◦C is
scribed to possible carbon formation on the surface active metals,
he second peak in the interval ∼300–400 ◦C may  be due to coke
eposits on bulk metallic centers, while the third peak in the inter-
al ∼500–600 ◦C may  be due to coke species on the support [47,48].
egarding the final peak at ∼1000 ◦C, it may  be ascribed to oxidation
f unconverted graphite that is still present in the samples [49,50].

In this study, interestingly, e.g. as seen in Fig. 3a, an overall
ower formation of coke was present on the ME  samples. This latter
ttribute is beneficial as it may  prolong the diesel reforming cata-
yst lifetime considerably, since a lower degree of carbon deposition
esults in less risk of blocking active sites and pores [51,52].  Other
esearch groups have reported similar results regarding carbon-
olerant ME  catalysts [25,53,54].  In these studies, it was  suggested
hat the coke endurance ability was due to stronger metal–support
nteractions and smaller particle sizes. The latter feature was  noted
or nickel ME  catalyst tested for methane reforming [54]. It was
ound that these catalysts had the smallest Ni particle size distri-
utions, which leads to less extent of deposition of carbon whiskers
n the periphery of the particles during reforming. This ME  prop-

rty may  also explain the positive TPO trends noted in this study as
he H2 chemisorption showed that the Rh average crystallite size
as smallest for the ME  prepared samples, ∼1.7–1.8 nm (Table 1).

In Fig. 3b, TPO profiles of the IW samples are presented. The
ost intense peaks are noted for sample Rh0.5-IW, followed by
t particles found in a fresh powder sample of Rh1.0Pt1.0-IW. The different phases
iOx–RhxPt1−x alloy crystal formation is displayed. (d) Particle size distributions of

Rh1.0Pt1.0-IW and Rh1.0-IW. Hence, the increase of Rh metal load-
ing lowered the formation of coke, while the addition of Pt on the
alumina support had the opposite effect. Regarding the Rh trend,
different results can be found in the literature were e.g. some groups
report that an increased Rh loading has a positive effect on hinder-
ing adsorption of surface carbon species [55] while others suggest
that the Rh loading has little effect [56]. Regarding the Pt-addition
trend, similar negative TPO trends have been noted in a previous
study by the present group [16] as well as by others [47,57].

In Fig. 3c, the TPO profiles of the ME  samples are presented. The
most intense peaks are noted for sample Rh1.0Pt1.0-ME, followed
by Rh0.5-ME  and Rh1.0-ME. Hence, again, the same TPO trends in
terms of Rh metal loading and Pt addition are noted.

3.1.6. Transmission electron microscopy
The dispersion, morphology and particle size distribution of

rhodium and platinum on alumina for samples Rh1.0Pt1.0-IW and
Rh1.0Pt1.0-ME, both in the fresh and aged states, are presented in
Figs. 4a–d and 5a and b, respectively.

The TEM investigation of the fresh IW and ME  powder samples
containing 1 wt% Rh and 1 wt% Pt shows that the catalyst mate-
rial is more homogeneously distributed over the washcoat material
in the IW sample. In the TEM analysis, two particle number fre-
quency maxima were noted for all measured particles, 20–50 nm

and 80 nm for ME,  and 30–60 nm and 80 nm for IW,  respectively.
The average diameter of the smallest single Rh-particles detected
by TEM was approximately 10 nm for the ME  sample, and 15 nm
for the IW sample, respectively. For Pt, the smallest single particles
detected were ∼20 nm in diameter for the ME  sample, and ∼22 nm
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Table 2
Activity results of the incipient wetness (IW) and microemulsion (ME) alumina
supported Rh catalyst. The reaction condition for ATR of diesel was Tfeed = 650 ◦C,
H2O/C ∼ 2.5, O2/C ∼ 0.49, TOS = 3 h, GHSV ∼ 13 000 h−1 and P = 1 atm. See Table 1 for
catalyst formulation.

Catalyst Xdiesel[%] SCO2 [%] H2[vol.%] C2H4[vol.%]

Rh0.5-IW 96.1 51 26 0.31
Rh1.0-IW 95.8 54 22 0.28
Rh1.0Pt1.0-IW 94.5 57 24 0.44

The catalytic performance of the IW and ME  samples at ATR reac-
ig. 5. (a) TEM images of typical RhxPt1−x alloy particles in a fresh powder sample
f  Rh1.0Pt1.0-ME. (b) Particle size distributions of RhiOx–RhxPt1−x alloys in the fresh
nd aged powder samples of Rh1.0Pt1.0-ME.

or the IW sample, respectively. Hence, in general, smaller parti-
le sizes of active metals were observed on alumina for the ME
repared samples. The differences in average sizes of the individ-
al Rh and Pt particles between the IW and ME  sample, measured
y TEM, confirms the results from the H2 chemisorption and XRD
nalyses as similar trends in crystallite sizes were noted, which
an be seen in Table 1. Elemental analyses of the Rh1.0Pt1.0-IW and
h1.0Pt1.0-ME  powder samples reveal that some of the catalyst par-
icles contain either Rh or Pt, but most of them have a composition
ndicating an alloy between them, RhxPt1−x. These alloyed types
f particles were observed for both the IW and ME  materials, as
een in Figs. 4a and 5a,  respectively. After calcination, carried out
nder oxidative conditions (in air), Rh will appear as Rh O and
i x

t as metal while the alloys form a particle with Pt metal in con-
act with a crystal of RhiOx forming RhxPt1−x (see Figs. 4a and 5a).
ence, the presence of RhiOx, metallic Pt and RhxPt1−x alloys con-
rms the results from the XRD and H2-TPR analyses as seen in
Rh0.5-ME 92.8 55 22 0.24
Rh1.0-ME 95.6 52 27 0.27
Rh1.0Pt1.0-ME 95.1 52 25 0.34

Figs. 1 and 2a and b, respectively. Regarding RhiOx species, typi-
cally Rh2O3 is found at this temperature as it is are known to be
stable up to 1000 ◦C [58]. It is also possible that Rh2O3 can form
bonds directly with RhxPt1−x alloys. A possible crystal formation
of a RhiOx–RhxPt1−x bond can be seen in Fig. 4b and c. Kaila et al.
[15] and Okumura et al. [59] have made similar observations. As
seen in the particle size distribution plots in Figs. 4d and 5b,  the
particle number frequency maximum for RhiOx–RhxPt1−x alloys, in
the fresh state, was  20 nm for the ME  sample and 40 nm for the
IW sample, respectively. Hence, as seen in Figs. 4d and 5b,  smaller
particles and slightly narrower particle size distributions, e.g. in
the interval of 0–60 nm,  were noted for the ME  prepared samples.
In this study, it was difficult to determine from the TEM images
the geometry and orientation of the individual Rh and Pt crystals.
Most of the Rh species appeared rounded while different shapes
and sub layers of crystals where detected for the Pt particles. Other
groups have reported that Rh, present in oxidative environment
e.g. in the form of Rh2O3, has a typical orthorhombic structure at
T ∼ 500–900 ◦C [58]. Regarding the orientation, typically (1 1 1) and
(1 1 0) are reported for Rh and Pt crystals, respectively, formed at
T > 500 ◦C [45,60,61].

For the aged IW and ME  powder samples, no significant sin-
tering effects and carbon deposits were noted. An interesting TEM
image observation was that most of the RhiOx crystals, both found
separately and with an RhxPt1−x alloy, were found to shrink in size.
A possible explanation to the shrinking phenomenon is that RhiOx

species switch oxidation state from e.g. Rh3+ to metallic Rh0. A sim-
ilar observation was  noted in a previous study where a reducing
environment was found predominant during ATR of diesel caus-
ing the formation of metallic Rh0 [16]. This phenomenon can also
be seen in this study in the alloy particle size distribution plots
in Figs. 4d and 5b by comparing the fresh samples (black line)
with the aged samples (gray line). The particle number frequency
maximum for the aged RhiOx–RhxPt1−x alloy noted at e.g. 80 nm,
dropped from 0.4 to almost zero for the IW sample, and from 0.6
to 0.2 for the ME  sample, respectively. These significant drops may
be explained by a possible particle shrinkage phenomenon occur-
ring, caused by a reduction of the oxide group in the molecular
structure of the RhiOx crystals, and as a result the overall particle
size for the RhiOx–RhxPt1−x alloy is reduced. No phase transition
was detected for any Pt species as they all remained in the metallic
state. These phenomena were noted for both the aged IW and ME
samples. Similar observations of Rh phase transition and Pt state
in aged diesel reforming catalyst were noticed in a previous study
using XPS analysis [16].

3.2. Catalyst activity
tion condition H2O/C ∼ 2.5 and O2/C ∼ 0.49 are presented in Table 2.
The activity measurements include the diesel conversion, the CO2
selectivity parameter (expressed as CO2/(CO2 + CO)), as well as the
hydrogen and ethylene concentrations in the reformate. Details
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oncerning the calculations of the diesel conversion can be found
n a previous study [16].

.2.1. IW catalyst
The reforming activity for the Rh0.5-IW catalyst was  high as the

iesel conversion was measured to be 96.1%. The CO2 selectivity
as also high, approximately 51%. The hydrogen concentration in

he product gas was 26 vol.% while the ethylene concentration was
uch lower ∼0.31 vol.%. For the Rh1.0-IW similar activity results,

.g. in terms of diesel conversion, were noted. For the bimetallic
ample Rh1.0Pt1.0-IW the diesel conversion was slightly lower. Fur-
hermore, the ethylene concentration was the highest out of all
amples, close to 0.45 vol.%.

.2.2. ME  catalyst
The activity results in Table 2 show that the ME  prepared cat-

lysts are highly active and capable of catalytically reforming the
olecules in the diesel fuel to obtain high fuel conversion. As seen

n Table 2, the reforming activity for the Rh0.5-ME  was high as the
iesel conversion was measured to be 92.8%. The CO2 selectivity
as also high, approximately 55%. The hydrogen concentration
as 22 vol.% while the ethylene concentration was significantly

ower ∼0.24 vol.%. For the Rh1.0-ME  higher activity results were
oted e.g. in terms of diesel conversion. For the bimetallic sample
h1.0Pt1.0-ME  the activity results were lower than for the Rh1.0-ME.
lso the ethylene concentration in the reformate was the highest,
0.34 vol.%.

.3. Final remarks: possible trends and correlations between the
ctivity and characterization data

The activity results presented in Table 2 established that low
eight loadings of rhodium and rhodium–platinum formulations

n alumina are highly active for ATR of diesel, as fuel conversions
bove 92% were obtained. These results are in line with what has
een reported in the literature by our group and by others [15,16].
n this study, high diesel conversions were achieved regardless of
mployed catalyst preparation technique. This feature is positive
s a good fuel economy is crucial for diesel trucks, in particular
or possible FC-APU utilities. For instance, high fuel slip from the
eformer can deactivate the fuel cell in a PEFC-APU based system.
he long hydrocarbon chains in diesel can easily become caught
n the pores of the Nafion membranes, hindering the transport of
he hydrogen ions from the anode to the cathode side [10,62]. In
his study the high CO2 selectivity noted for both the IW and ME
amples, ∼51–57%, is also positive as high CO concentrations are
nown to deactivate PEFC due to CO adsorption on the normally
t-coated anode electrodes. Typical examples are Pt/C and PtRu/C
ormulations [10,62].

In this study, some general trends can be noted in the activ-
ty data in Table 2. It can be seen that the diesel conversion is
losely coupled to the CO2 selectivity and hydrogen production. An
ncreased diesel conversion typically results in a decrease in the CO2
electivity and a higher hydrogen production (in all cases expect for
he Rh1.0-IW catalyst). For instance, the highest diesel conversion,
6.1 and 95.8%, and hydrogen generation, 26 and 27 vol.%, were
oted for samples Rh0.5-IW and Rh1.0-ME, respectively.

Another trend that can be seen in the activity data in Table 2 is
hat the addition of Pt resulted in an overall lower catalyst activ-
ty. This reduction trend was noted for the IW and ME bimetallic
amples. The addition of platinum to the washcoat decreased the

iesel conversion from 95.8 to 94.5% for Rh1.0Pt1.0-IW and 95.6 to
5.1% for Rh1.0Pt1.0-ME, respectively. This reduction in reforming
ctivity may  be explained by the TPR profiles. As seen on Fig. 2a
nd b the addition of Pt was found to eliminate accessible bulk
hodium oxides and also decrease reducible rhodium aluminates
ay 175 (2011) 515– 523

on the supports. Also, TEM analysis showed that RhxPt1−x alloys
were found predominantly on the alumina support, regardless of
employed preparation technique (see Figs. 4a and 5a).  Further-
more, most of the single Rh particles were found in the oxidized
state, e.g. as Rh2O3, while the Pt particles were found in the metal-
lic state. Regarding the Rh state, results from previous work from
our group [16] showed that the degree of available rhodium oxide
species on alumina was favorable for ATR of diesel. It was  found
that the diesel conversion was  strongly correlated to the amount
of accessible bulk and surface RhiOx on the alumina support. Other
groups have reported similar results regarding the importance of
generating active metal sites in the form of rhodium oxide species
[55,63,64]. Hence, in this study, the lower development of rhodium
oxide species in the bimetallic IW and ME  samples may  very well
explain the overall lower reforming activity. Regarding the Pt state,
limited studies can be found in the literature where the role of sur-
face and bulk states of Pt has been investigated for ATR of diesel.
Studies by Kaila et al. [15] have reported the presence of metallic
Pt in Pt/ZrO2 and RhPt/ZrO2 diesel reforming catalysts calcined at
∼900 ◦C. In their study it was noted that the Pt/ZrO2 catalyst had
the lowest activity as it was  deactivated by extensive carbon depo-
sition and particle sintering of the metallic Pt particles [15]. The
addition of Rh improved the catalyst activity e.g. by inhibiting Pt
migration and sintering on the support.

Finally, in this study, the measured ethylene concentrations
can to some extent be correlated with the O2-TPO data. In ATR of
diesel ethylene is a known coke precursor. High ethylene concen-
trations are often an indication of severe carbon deposition taking
place on the reforming catalyst [51,52].  This is detrimental as it
often leads to significant reduction of the diesel reforming cat-
alyst’s long term performance as the active surface sites of the
catalyst are blocked by various types of carbon deposits. In this
study, the activity results showed that the overall highest ethylene
concentrations were detected in the reformate from the IW sam-
ples, ∼0.28–0.44 vol.% (Table 2). Also, the O2-TPO measurements
showed that higher loads of carbon deposits were detected for the
IW samples, both on the active metals at T ∼ 100 ◦C and on the sup-
port at T ∼ 600 ◦C (Fig. 3b). Hence, IW prepared samples may have
lower tolerance towards carbon deposition compared to ME  pre-
pared samples. This observation is in good agreement with what
has been reported by others [25,53,54].

4. Conclusions

The results presented in this study provide a deeper under-
standing regarding possible reaction mechanisms occurring during
ATR of diesel that can be correlated with the catalyst prepa-
ration and composition. IW and ME  prepared catalysts with
the composition 0.5 wt%  Rh/�-Al2O3, 1.0 wt%  Rh/�-Al2O3 and
1:1 wt%  RhPt/�-Al2O3 were tested in a bench-scale reactor at reac-
tion conditions Tfeed = 650 ◦C, H2O/C ∼ 2.5, O2/C ∼ 0.49, TOS = 3 h,
GHSV ∼ 13 000 h−1 and P = 1 atm. All results were reproducible and
steady-state conditions were established for all experiments. Fresh
and aged powder samples of the washcoated cordierite monolithic
catalyst were characterized using N2-BET, XRD, H2 chemisorption,
H2-TPR, O2-TPO and TEM analyses.

The activity measurements showed that the IW and ME  samples
were comparable in terms of diesel conversion and hydrogen gen-
eration. The bimetallic samples generated more ethylene, which
is an indication of carbon deposition taking place on the catalyst

surface. This deactivation phenomenon was confirmed by O2-TPO
analysis of the aged samples where the measurements showed that
the addition of Pt on the alumina resulted in higher loads of coke
both on the active metals and on the support. Interestingly, these
effects were less prominent on the ME  prepared samples.
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The other characterization measurements showed differences
n morphology between the IW and ME  samples. The largest differ-
nces where noted in terms of surface area and rhodium dispersion.
he other characterization results were comparable, e.g. the �-
hase of alumina was detected by XRD and strong interaction
f rhodium oxides with alumina with low reducibility towards
ydrogen were registered during TPR measurements. The TEM
nalysis showed that mainly RhxPt1−x alloys with an average par-
icle size of ∼20–50 nm were present on the alumina support for
he IW and ME  bimetallic samples; both in the fresh and the aged
tates. For the aged samples, rhodium was found to switch oxida-
ion state e.g. from Rh3+ to Rh0 while Pt remained in the metallic
tate.
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