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a b s t r a c t

Methanol decomposition (MD), steam reforming of methanol (SRM) and combined steam reforming of
methanol (CSRM) were carried out over three noble metal (Pt, Pd, Rh)/ceria catalysts prepared via the
combustion method. XPS measurements suggested the presence of highly dispersed (mainly) oxidized
ccepted 11 March 2009

eywords:
ydrogen production
ethanol decomposition

team reforming

noble metal species in the as-prepared (oxidized) samples, while in-situ reduction led to metallic states
only in the cases of palladium and platinum. Their activity increased in the order Rh < Pt < Pd for all three
processes, while their selectivity towards CO production was remarkably high, even in the presence of
steam, a fact that implies higher activity for methanol decomposition and lower activity for hydrolysis of
methyl formate. Based on the activity/selectivity results an overall reaction scheme, which includes the

produ
oble metal
eria

production of both main

. Introduction

The production of H2-rich gas streams for polymer electrolyte
embrane fuel cells (PEMFCs) can be done in a fuel processor

nit by reforming an alcohol or a hydrocarbon liquid fuel [1–3].
lcohol fuels such as methanol have the benefits of a five to seven-

old higher energy density than compressed H2, and at the same
ime are easily handled, stored and transported. In addition they
re essentially sulphur-free and get reformed at moderate temper-
tures (200–300 ◦C) with low selectivity to byproducts (e.g. CO).
oreover, methanol can be produced from renewable sources (e.g.

iomass), and as a consequence, may be considered as a sustainable
nergy carrier which would contribute to net-zero carbon dioxide
CO2) emissions [3–5]. A challenge for fuel processing is the devel-
pment of highly active and selective catalysts, which will be able
o operate at temperatures as low as possible with minimal CO for-

ation. H2 production from methanol is possible through several
atalytic routes [5–23]:

methanol decomposition (MD)

o −1
CH3OH = CO + 2H2, �H = 92 kJ mol (1)

steam reforming of methanol (SRM)

CH3OH + H2O = CO2 + 3H2, �Ho = 49.4 kJ mol−1 (2)

∗ Corresponding author. Tel.: +30 2610965272; fax: +30 2610965223.
E-mail address: geoavg@iceht.forth.gr (G. Avgouropoulos).

385-8947/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2009.03.019
cts and by-products, is proposed.
© 2009 Elsevier B.V. All rights reserved.

• partial oxidation of methanol (POM)

CH3OH + 1/2O2 = CO2 + 2H2, �Ho = 192.2 kJ mol−1 (3)

• combined steam reforming of methanol (CSRM)

CH3OH+(1−2�)H2O+�O2=CO2+(3−2�)H2, (0 ≤ � ≤ 0.5) (4)

SRM is a process that provides a product gas with high H2 con-
tent (up to 75%) and low CO concentration (1–2%). CO may be
produced either as a primary product of direct MD reaction, or
as a by-product via decomposition of various formates, such as
methyl formate, or via the reverse water–gas shift reaction. Using
O2 together with steam CSRM offers advantages such as high reac-
tion rates and thermo-balanced conditions.

Conventional copper-based SRM catalysts, such as
Cu/ZnO/Al2O3, are pyrophoric if exposed to air and have poor
thermal stability above 300 ◦C. Therefore, highly active and stable
catalysts are required, mainly for mobile and portable fuel cell
applications. Combustion-synthesized Cu–Ce and Cu–Mn oxide
catalysts were recently found to be promising candidates for
methanol reforming [5,10,13,19]. Noble metal-containing catalysts,
especially Pt or Pd supported on reducible oxide supports, such
ZnO and CeO2, have been also proposed as an alternative to
copper for the conversion of methanol to H2 [23–32]. The Pd/Zn

alloy formed at high reduction temperature is an active phase
for the SRM reaction. On the other hand, CeO2 is one of the most
thermally stable oxides and under various redox conditions the
oxidation state of the cation may vary between +3 and +4 [33].
Its distinct defect chemistry and the ability to exchange lattice

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:geoavg@iceht.forth.gr
dx.doi.org/10.1016/j.cej.2009.03.019
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xygen with the gas phase results in an attractive oxide with
nique catalytic properties, including the promotion of metal dis-
ersion, the enhancement of the catalytic activity at the interfacial
etal-support sites.

In the present work, the catalytic performance of three
ombustion-synthesized noble metal (Pt, Pd, Rh)/ceria catalysts
as been investigated for the MD, SRM and CSRM processes. The
hysicochemical properties of as-prepared (oxidized) and in-situ
educed catalysts have been studied via BET, XRD, SEM and XPS
echniques. A reaction scheme, which describes the possible path-
ays for the formation of hydrogen and by-products, is proposed.

. Experimental

The urea-nitrate combustion method was used for the syn-
hesis of Me/CeO2 (Me = Pt, Pd, Rh) catalysts [34]. Nitrate salts of
erium [Ce(NO3)3·6H2O] and noble metal [Pd(NO3)2, Rh(NO3)3,
t(NH3)4(NO3)2] were mixed with urea (CO(NH2)2) in an alumina
rucible with the appropriate molar ratio (Me/(Me + Ce) = 0.0266,
5% excess of urea). The mixed solutions were preheated on a hot
late at ∼80 ◦C to remove excess water. The resulting viscous gel was
laced in an open muffle furnace, preheated at ∼450 ◦C. The solu-
ion started boiling with frothing and foaming, and ignition took
lace after a few seconds –with rapid evolution of a large quantity of
ases– yielding a voluminous solid product within a few minutes. In
rder to burn-off any carbonaceous residues, the powders were fur-
her heated at 550 ◦C for 1 h. All the produced powders were sieved
o obtain the desired fraction (90 < dp < 180 �m). The samples were
haracterized by N2 physisorption, XRD, SEM and XPS.

The specific surface area (SBET), the pore volume (VP) and the
ore size distribution of the samples were determined from the
dsorption and desorption isotherms of nitrogen at -196 ◦C using a
uantachrome Autosorb-1 instrument. Surface area was obtained

ollowing the BET (Brunauer–Emmett–Teller) procedure with six
elative pressures of nitrogen in the range of 0.05–0.3. The pore
ize distribution was estimated using the BJH (Barrett, Joyner
nd Halenda) method. The total pore volume was determined at
/P0 = 0.995. Prior to the measurements, the samples were out-
assed at 200 ◦C for 2 h under vacuum.

The crystalline structure of the catalysts was analyzed with a
-ray powder diffractometer (Bruker D8 Advance) using Cu K� radi-
tion (� = 0.15418 nm). The measurement was carried out in the 2�
ngle range of 20–80◦. The mean particle diameter of CeO2 was
alculated from the X-ray line broadening of the (1 1 1) diffraction
eak according to Scherrer’s equation [35].

The surface morphology of the catalytic samples with differ-
nt Cu/(Cu + Ce) molar ratio was examined with a LEO SUPRA 35VP
canning electron microscope (SEM). Prior to SEM analysis the sam-
les were placed on aluminum carbon paste-coated slabs, coated
ith a conductive layer of gold.

X-ray photoelectron spectra of CuO–CeO2 catalysts were
ecorded with experiments that were carried out in a commercial
ltrahigh vacuum system, equipped with a hemispherical elec-
ron energy analyzer (SPECS LH-10) and a twin anode X-ray gun
or XPS measurements. The base pressure was 5 × 10−10 mbar.
nmonochromatized Al K� line at 1486.6 eV and an analyzer pass
nergy of 97 eV were used in all XPS measurements. The XPS core
evel spectra were analyzed with a fitting routine which decom-
oses each spectrum into individual, mixed Gaussian–Lorentzian
eaks using a Shirley background subtraction over the energy range

f the fit. The binding energies were calculated by reference to the
nergy of C 1 s peak of contaminant carbon at 284.6 eV and the
ighest binding energy peak for Ce4+ d3/2 at 916.5 eV. The surface
omposition of all samples in terms of atomic ratios was calculated,
sing empirical cross section factors for XPS [36].
Scheme 1. Reaction pathways for the formation of primary products and by-
products via MD, SRM and CSRM processes.

The catalytic performance for the MD, SRM and CSRM processes
was investigated at atmospheric pressure, in the temperature
range of 180–325 ◦C, in a fixed-bed reactor system, previously
described [5,34]. The catalyst weight was 0.3 g and the total flow
rate of the reaction mixture (MD: 5 vol.% CH3OH/He; SRM: 5 vol.%
CH3OH/7.5% H2O/He; CSRM: 5 vol.% CH3OH/7.5% H2O/0.5% O2/He)
was 70 cm3 min−1 (W/F = 0.257 g s cm−3). The samples were pre-
activated by exposure to the feed stream for 1 h at 300 ◦C, after
which measurements were made by stepwise decrease of reaction
temperature. Product and reactant analysis was carried out by a
Shimadzu GC-14B equipped with TCD and FID.

Catalytic activity was evaluated in terms of methanol conver-
sion. Hydrogen yield was calculated as the product of methanol
conversion and H2 selectivity. Selectivity to the carbon-containing
product i was determined from:

Si = niCi∑
niCi

(5)

where ni is the number of carbon atoms in product i and Ci is
the concentration of carbon-containing product i. If CO2, HCOOCH3,
HCHO, CH4 and CO were produced during via reaction pathways
(2–7) in Scheme 1, then the selectivity of H2 will be defined from
the following equations:

MD : H2 selectivity (%)

= 3CCO2 + 2CCO − CCH4 + 2CHCOOCH3 + CHCHO

2(CCO2 + CCO + CCH4 ) + 4CHCOOCH3 + 2CHCHO
× 100 (6)

SRM : H2 selectivity (%)

= 3C + 2CCO − CCH4 + 2CHCOOCH3 + CHCHO

3(CCO2 + CCO + CCH4 ) + 6CHCOOCH3 + 3CHCHO
× 100 (7)

CSRM : H2selectivity (%)

= 3(CCO2 − 0.333) + 2CCO − CCH4 + 2CHCOOCH3 + CHCHO

3(CCO2 − 0.333) + CCO + CCH4 ) + 6CHCOOCH3 + 3CHCHO
× 100

(8)
The term “0.333” in Eq. (8) represents the amount of CO2 which
is produced from the combustion of methanol by co-fed oxygen:

Methanol combustion : CH3OH + 3/2O2 = CO2 + 2H2O (9)
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Table 1
Physical properties of noble metal/ceria catalysts.

Catalyst SBET, (m2 g−1) VP, (cm3 g−1) DCeO2(111), (nm)
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t/CeO2 37.8 0.18 10.5
d/CeO2 32.6 0.16 12.9
h/CeO2 43.6 0.18 13.7

. Results and discussion

The surface characteristics including the specific surface area
SBET) and the total pore volume (VP) of all noble metal/ceria
atalysts, prepared with the combustion method, are presented in
able 1. For all samples, the isotherms of N2 adsorption/desorption
ere of type II and had type B hysteresis loops, which closed at

/P0 of ∼0.40, as shown in Fig. 1A. The surface area (SBET) of the
atalysts increased in the order Pd < Pt < Rh and was in the range
f 33–44 m2 g−1. All the samples had broad pore size distribu-
ions (Fig. 1B), starting from ∼4 nm and extending well into the

acropore region. The pore volume of the samples was estimated
o be in the range 0.16–0.18 cm3 g−1.

Fig. 2 shows the XRD patterns of noble metal/ceria catalysts, as
ell as the pattern of pure CeO2, prepared with the same tech-
ique, for comparison purposes. The fluorite oxide-type diffraction
attern of CeO2 was observed in all samples. Crystallite sizes of
erium oxide, as calculated using Scherrer’s equation, are reported
n Table 1. No detectable diffractions of noble metals crystallites
ould be distinguished, suggesting that noble metals were highly
ispersed. SEM micrographs (not shown) reflected the foamy and
gglomerated nature of the material that has to do only with ceria,
ince it was impossible to detect any separate noble metal parti-
les. The materials displayed a largely open porous structure with
lot of cracks and pores, which is associated with rapid evolu-

ion of gases during the combustion process. The particles were
ound together into agglomerates and the nanosize nature of the
ombustion-derived materials was confirmed at higher magnifica-
ions of SEM.

X-ray photoelectron spectra of Pt 4f, Pd 3d and Rh 3d core level
egions of Pt/CeO2, Pd/CeO2 and Rh/CeO2, respectively, are shown
n Fig. 3. The regional spectra were deconvoluted into sets of spin
rbital doublets and the results are summarized in Table 2. Depend-

ng on the oxidation state of noble metal there are one (for rhodium,
ig. 3C), two (for palladium, Fig. 3B) or three (for platinum, Fig. 3A)
ets of noble metal peaks. In the case of Pt/CeO2 (as-prepared, oxi-
ized form), Pt 4f7/2 peaks at 71.31, 72.78 and 74.22 eV suggest the
resence of Pt0, Pt2+ and Pt4+, respectively [37–42]. The intensity
f the corresponding metallic platinum peak is almost 50% of the

◦
otal Pt 4f spectra in the oxidized sample. In-situ reduction at 300 C
nder H2 flow, led to increased amounts of reduced species. Indeed,
he corresponding Pt4+ peak has disappeared and only Pt 4f7/2 peaks
t 70.90 eV and 72.20 eV, assigned to Pt0 and Pt2+ oxidation states,
re observed in Fig. 3A. Accordingly, the intensity of the correspond-

able 2
PS analysis of noble metal/ceria catalysts.

atalysta Me/(Me + Ce)XPS Binding energy of Pt 4f7/2, Pd 3d5/2 and Rh

t/CeO2 (O) 0.161 71.31
72.78
74.22

t/CeO2 (R) 0.113 70.90
72.20

d/CeO2 (O) 0.124 336.55
338.62

d/CeO2 (R) 0.081 335.01
h/CeO2 (O) 0.177 308.90
h/CeO2 (R) 0.235 308.76

a (O): oxidized, (R): in-situ reduction, 300 ◦C, 2 h, under H2 flow. Nominal ratio: Me/(M
Fig. 1. (A) Adsorption/desorption isotherms of nitrogen at −196 C and (B) pore size
distribution (nitrogen desorption, BJH method) of Pt/CeO2 (solid line), Pd/CeO2 (dot
line) and Rh/CeO2 (dash line) catalysts.

ing metallic platinum peak is increased to 81.3% with respect to
the oxidized Pt/CeO2 sample. A small amount of Pt2+ species after
reduction may be related to incorporation of Pt2+ into the ceria
lattice, which is difficult to reduce [39].

Concerning Pd 3d5/2 peaks in Pd/CeO2 catalyst (Fig. 3B), peaks
at 336.55 eV and 338.62 eV can be attributed to PdO and Pd ions
in CeO2, respectively [23,40,41]. Palladium is in a highly ionic Pd2+
state, while corresponding metallic palladium peaks are missing.
In-situ reduction at 300 ◦C under H2 flow, led to complete reduction
of palladium species, as shown by the exclusive appearance of Pd
3d5/2 peak at 335.01 eV.

3d5/2, (eV) Species Relative intensity, (%) Ce4+, (%)

Pt0 48.1 97.1
PtO, Pt(OH)2 42.0
PtO2 9.9
Pt0 81.3 77.1
PtO, Pt(OH)2 18.7
PdO 70.0 96.4
Pd in CeO2 30.0
Pd0 100.0 94.3
Rh2O3 100.0 90.0
Rh2O3 100.0 75.7

e + Ce) = 0.0266.



G. Avgouropoulos et al. / Chemical Engineering Journal 154 (2009) 274–280 277

r
s
A
(
t
(
s
C
p
i
t
a
e
o
v
r
P
d

r
f
t
+
s
c
d
i
i
f
m
a
o
t
T
c
p
o
c
f
e

l

Fig. 2. XRD patterns of noble metal/ceria catalysts.

Fig. 3C presents the Rh 3d core level region of oxidized and
educed Rh/CeO2 catalyst. The peak at the lower binding energy
ide (303.3 eV and 335.0 eV) in both spectra is due to the Ce (M3VV)
uger line. Rh 3d5/2 peaks at 308.9 (oxidized sample) and 308.76 eV

reduced sample) suggest the presence of rhodium in the +3 oxida-
ion state [43], despite the reduction treatment. The Ce 3d spectra
not shown) for the three catalysts with satellite features corre-
pond to CeO2 with Ce in the 4+ oxidation state. No variations in the
e 3d spectra are seen in the three catalytic samples, and Ce 3d5/2
eak is centered at about 882.4 eV [24,34,37,38,41–43]. However,

nformation about partial reduction of CeO2 can be obtained from
he intensity of the highest binding energy satellite for Ce4+ d3/2

t 916.5 eV (�///satellite peak) [24]. The percentage of Ce4+ could be
stimated by the equation Ce4+ = �////14, where �///is the percentage
f �///peak area with respect to the total Ce 3d area. The estimated
alues of Ce4+ are given in Table 2. A remarkable decrease in the
elative concentration of Ce4+ species is observed in the case of
t/CeO2 and Rh/CeO2 catalysts, while the percentage of Ce4+ slightly
ecreased in the case of reduced Pd/CeO2 catalyst.

The surface concentration, represented as Me/(Me + Ce) atomic
atio, was estimated by XPS, and is presented in Table 2. The sur-
ace concentration of all noble metals is about 3–9 times higher
han their nominal concentrations. Observation of Pt in the +2 and
4 states and 16.1% surface concentration, Pd in +2 state and 11.3%
urface concentration, and Rh in +3 state and 17.7% surface con-
entration suggest that almost all the noble metal ions are highly
ispersed on the ceria surface [37–43]. However, the formation of

nterfacial solid solutions due to incorporation of part of noble metal
ons in ceria lattice cannot be excluded. The noble metal-ceria inter-
ace, where interfacial noble metal sites are located and the noble

etal-Ce interaction takes place, appears to be important for cat-
lytic activity, because of the transfer of electrons from the metal
xide to the noble metal, and as a consequence the effective activa-
ion energy for the formation of oxygen vacancies is lowered [40].
he maximum surface enrichment is observed with the rhodium
atalyst, followed by the platinum catalyst. Reduction of the sam-
les led to decrease of noble metal surface concentration in the case
f platinum and palladium catalysts, probably due to migration of
erium on the surface of noble metal or/and agglomeration of sur-

ace species during formation of metallic crystallites, while surface
nrichment was further enhanced in the case of rhodium catalyst.

The catalytic activity and selectivity of noble metal/ceria cata-
ysts for the MD, SRM and CSRM processes are shown in Fig. 4A, 4B
Fig. 3. XPS of Pt 4f (A), Pd 3d (B) and Rh 3d (C) core level regions of noble metal/ceria
catalysts.

and C, respectively. These results are also summarized in Table 3.
Methanol was selectively decomposed to CO and H2 at low tem-
peratures (<300 ◦C). The Pd/CeO2 catalyst appeared to be the most

active and selective among three catalysts examined for the MD
process (Fig. 4A). The activity increased in the order Rh < Pt < Pd and
the major products of the reaction were H2 and CO, while the by-
products were (i) CH4, CO2, H2O, HCOOCH3 and HCHO in most cases
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Fig. 4. Activity and selectivity for MD (A), SRM (B) and CSRM (C) processes over Pt/CeO2 (�), Pd/CeO2 (�), and Rh/CeO2 (�) catalysts.



G. Avgouropoulos et al. / Chemical Engineering Journal 154 (2009) 274–280 279

Table 3
Activity and selectivity for MD, SRM and CSRM reactions over noble metal/ceria catalysts.

Reaction MD SRM CSRM

Treaction (◦C) 200 220 250 270 200 220 250 270 200 220 250 270

Pt/CeO2

CH3OH conversion (%) 32.4 53.6 97.5 100.0 45.8 81.2 99.5 100.0 44.7 88.0 98.9 100.0
H2 yield (%) 28.9 51.7 96.4 98.5 38.2 69.5 88.2 94.4 36.0 74.5 87.0 94.6
C-product selectivity (%)
CO2 0.7 0.8 2.4 3.5 58.4 61.4 66.9 84.3 60.0 61.5 67.8 86.1
CO 77.4 92.0 96.1 94.3 33.4 34.3 32.8 15.4 30.0 35.1 31.9 13.5
CH4 0.2 0.4 1.5 2.2 0.1 0.2 0.3 0.3 0.1 0.2 0.3 0.4
HCOOCH3 21.7 6.8 0.0 0.0 7.6 3.9 0.0 0.0 9.3 3.0 0.0 0.0
HCHO 0.0a 0.0a 0.0 0.0 0.5 0.2 0.0 0.0 0.6 0.2 0.0 0.0
Pd/CeO2

CH3OH conversion (%) 51.8 91.2 100.0 100.0 48.3 95.7 100.0 100.0 51.5 95.6 100.0 100.0
H2 yield (%) 49.7 89.0 100.0 99.4 33.4 67.6 73.9 78.2 33.7 65.1 71.7 76.6
C-product selectivity (%)
CO2 0.5 0.5 0.8 1.0 14.0 13.2 21.6 34.8 14.0 13.1 21.3 35.0
CO 90.7 94.3 99.1 98.2 79.3 85.6 78.4 65.2 81.7 85.2 78.7 65.0
CH4 0.0 0.0a 0.1 0.8 0.0 0.0 0.0 0.0a 0.0 0.0 0.0 0.0a

HCOOCH3 8.8 5.2 0.0 0.0 6.4 1.2 0.0 0.0 4.1 1.6 0.0 0.0
HCHO 0.0 0.0 0.0 0.0 0.3 0.0a 0.0 0.0 0.2 0.0a 0.0 0.0
Rh/CeO2

CH3OH conversion (%) 11.3 13.4 37.2 54.8 14.8 28.9 55.4 91.8 15.6 35.6 70.2 96.0
H2 yield (%) 7.8 11.1 34.7 54.5 9.2 19.9 40.0 69.9 10.2 24.7 50.5 72.8
C-product selectivity (%)b

CO2 0.2 0.3 0.9 1.0 21.3 22.4 23.8 31.1 49.0 33.9 28.4 35.2
CO 37.9 64.6 85.5 98.2 44.8 61.4 69.1 66.1 30.9 56.0 67.5 63.3
CH4 0.0 0.0 0.1 0.3 0.0 0.0a 0.0a 0.0a 0.0 0.0a 0.1 0.4
HCOOCH3 61.9 35.1 13.5 0.0 31.8 15.3 6.6 2.6 18.8 9.6 3.8 1.0
H
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CHO 0.0 0.0 0.0 0.0 2.1

a Selectivities lower than 0.05%.
b Ethylene, ethane and propylene were identified at 270 ◦C, with selectivities low

nd (ii) ethylene, ethane and propylene, formed only over Rh/CeO2,
t T≥270 ◦C with selectivities lower than 0.5%. The H2 yield and
O selectivity increase with temperature increase and methanation
pathway (6) or (7) in Scheme 1) took place, while CO2 was pro-
uced simultaneously. CO2 might be formed by the water–gas shift
pathway (4) or (5) in Scheme 1) and/or methanol steam reforming
pathway (8) in Scheme 1) reactions. Required water for the forma-
ion of CO2 was available by the methanation reaction. However,
he selectivity of CO2 is always higher than methane selectivity, a
act that might be attributed to: (i) oxygen trace impurities in the
eed, (ii) the Boudouard reaction (6), (iii) oxygen supply from ceria
upport [27]. The latter process has a transient character and is not
xpected to be important under long-term operation. HCOOCH3
electivity decreased with temperature increase, accompanied by
O2 formation increase, a fact that implies CO2 formation via reac-
ion pathway (5) or/and (4), since traces of HCHO formed at low
emperatures over platinum catalysts vanish at higher tempera-
ures.

On the other hand, in SRM process over noble metal/ceria cat-
lysts (Fig. 4B and Table 3), the presence of water enhanced the
atalytic activity of all the samples examined, while the selectivity
owards HCOOCH3 and CH4 formation was diminished. The lat-
er behavior was accompanied by increased selectivities towards
CHO formation. HCHO was not observed in MD process in almost
ll the cases, which suggests that the rate of dehydrogenation is
uch faster than the formation rate of HCHO (pathway (3) in

cheme 1). In the presence of steam, HCHO is attached by water to
orm HCOOH, and finally transformed to CO2 and H2O (pathway (8)
n Scheme 1). Palladium catalyst remained the most active one, but
ot the most selective one, since the H2 yield and selectivity towards

O2 production were less than 80% and 35%, respectively, at the
emperature where maximum CH3OH conversion was obtained (i.e.
50–270 ◦C). The corresponding CO selectivity was higher than 65%
t the same temperature range. Rhodium catalyst was less active
han Pd/CeO2 catalyst and showed similar behavior concerning H2,
0.9 0.5 0.1 1.3 0.5 0.2 0.1

n 0.5%.

CO2 and CO selectivities. On the other hand, complete CH3OH con-
version was achieved over Pt/CeO2 catalyst at 270 ◦C, with 94.4%
H2 selectivity, 84.3% CO2 selectivity and 15.3% CO selectivity. The
observed peak in CO selectivity curve (Fig. 4B) is related with the
HCOOCH3 concentration trend with temperature. Indeed, at low
temperatures where HCOOCH3 concentration is relative high, the
corresponding CO concentration is relative low and increases with
temperature increase and HCOOCH3 concentration decrease. Fur-
ther increase of temperature resulted in CO selectivity decrease
due to the WGS reaction (pathways (4) and/or (5) in Scheme 1).
The latter result is more obvious in Fig. 4B, where CO selectivity is
remarkably higher than WGS equilibrium, and approaches it in the
high temperature region. Among three catalysts examined, Pt/CeO2
is the most active for WGS reaction [44], since its CO selectivity
curve is much closer to the equilibrium line and approaches it at
around 270 ◦C.

Under autothermal conditions (CSRM process, Fig. 4C and
Table 3) the catalytic behavior followed the same trend in the case
of Pt/CeO2 and Pd/CeO2 catalysts as in SRM, while the catalytic
activity was improved only in the case of Rh/CeO2 catalyst. The
improved catalytic activity for methanol reforming by co-feeding
oxygen along with steam and methanol has been attributed to more
efficient heat transfer in the catalytic bed, because oxygen is initially
consumed through combustion of part of methanol feed (pathway
(1) in Scheme 1) and heat is generated in situ in the direction of
flow [5,12,18].

In terms of H2 yield and CO selectivity (Table 3), the following
observations can be made: (a) rhodium was the least active catalyst
for MD, SRM and CSRM reactions, (b) palladium was the most active
and selective catalyst for MD process and (c) platinum catalyst gave

the highest H2 yields and lowest CO selectivities for SRM and CSRM
reactions. In all cases, however, CO selectivity is considerably higher
compared to the one obtained over Cu-based catalysts [5,10,12].

Based on the results of the present work and taking into account
previous reports on methanol decomposition/reforming processes
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ver noble metal catalysts two parallel reaction pathways may be
roposed (Scheme 1). The dissociation of the hydroxyl group from
ethanol takes place rapidly on the noble metal surface, while the

reaking of the C-H bond in the adsorbed methoxy group CH3O
s considered as the rate-determining step [24,26,27]. The forma-
ion of relative high concentrations of HCOOCH3 during MD process
t temperatures lower than 250 ◦C, while only traces of HCHO are
bserved, implies that the reaction pathway (3) proceeds much
aster than reaction pathway (2) at low temperatures. At higher
emperatures, both reaction steps contribute equally to the pro-
uction of CO. HCOOCH3 selectivity follows the noble metal activity
rend. Rhodium was the least active catalyst and at the same time
he most selective towards HCOOCH3 formation, a fact that might be
ttributed to lower activity for the hydrolysis of HCOOCH3 (pathway
2) in Scheme 1). In the presence of water (SRM and CSRM pro-
esses) catalysts activity for the hydrolysis of HCOOCH3 increases
ithout changing the catalysts activity order. Palladium is the most

fficient catalyst for methanol transformation and at the same time
he least effective in the presence of H2O, in the sense that MD is
lso taking place under SRM conditions. This may be attributed to
eaker H2O adsorption on Pd or relatively stronger CH3OH adsorp-

ion compared to Rh or Pt. In the case of Pt and Rh catalysts,
2O has a clearly positive effect on catalytic activity, which may
e attributed to methyl formate hydrolysis. In addition Pt/CeO2 is
nown to be an active WGS catalyst [44].

Ceria plays an important role in creation of additional sites at the
nterface, for methanol adsorption and production of methoxy and
ormate species, while the distinct defect chemistry of ceria and
he ability to provide lattice oxygen might play a significant role via

aintaining the noble metals in a more active cationic state. It has
een reported that the presence of oxidized states of noble metals,

avored in the present work by the combustion synthesis route and
videnced by XPS measurements, promotes the breaking of the C–H
ond [24,27].

Combustion-synthesized noble metal/ceria catalysts examined
n the present work are significantly more active than copper-based
atalysts, prepared with the same method [17], in methanol decom-
osition, while their activity is comparable in the presence of steam
5,10,12,17,18]. However, noble metal catalysts show much higher
electivities towards CO production, even in the presence of steam,
fact that implies higher activity for methanol decomposition and

ower activity for hydrolysis of HCOOCH3, in contrast with copper-
ased catalysts [20,45].

. Conclusions

Pt0-, Pt2+- and Pt4+-like species were formed on the combustion-
ynthesized (oxidized) Pt/CeO2 catalyst surface, while rhodium was
ispersed on the +3 oxidation state on ceria and palladium was

ound to be in a highly ionic +2 state. In-situ reduction with H2
t 300 ◦C led to metallic states only in the case of Pt (82% Pt0,
8% Pt2+) and Pd (100% Pd0) catalysts. Significant enrichment (up
o nine times with respect to the nominal loading) of the cata-
yst surface with noble metal species was observed in all three
amples, indicating high noble metal dispersion. Methanol was
electively decomposed to CO and H2 at low temperatures (<300 ◦C,
D process) on combustion-synthesized noble metal/ceria cata-

ysts. Their activity increased in the order Rh < Pt < Pd. CH4, CO2,
2O, HCOOCH3 and HCHO were identified as main by-products
f MD process in most cases. The presence of water (SRM and
SRM processes) enhanced the catalytic activity of all the sam-

les examined, while the selectivity towards HCOOCH3 and CH4

ormation was diminished. Two parallel reaction pathways were
roposed for the formation of CO: formation of (a) formaldehyde
nd (b) methyl formate. However, noble metal catalysts showed
igh selectivities towards CO production, even in the presence of

[

[
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steam, a fact that implies higher activity for methanol decomposi-
tion and lower activity for hydrolysis of HCOOCH3, in contrast with
literature-proposed copper-based catalysts.
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