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Abstract

Cu–Mn spinel oxide catalysts were synthesized by the combustion method, and their behavior in the combined steam reforming of methanol
was examined. It was found that despite their low surface areas, these catalysts had comparable activity to that of a commercial Cu–Zn–Al
catalyst for the production of H2 via (combined) steam reforming of methanol. The fresh Cu–Mn catalysts were composed of the spinel phase
Cu1.5Mn1.5O4, as well as Mn2O3 and CuO, depending on the Cu/Mn ratio, and were reduced to Cu0 and MnO under reaction conditions. XPS
analysis revealed the presence of two different oxidation states in both copper (Cu2+ and Cu+) and manganese (Mn4+ and Mn3+) in fresh
catalysts and decomposition of the spinel in used catalysts. The optimal catalyst was prepared with a Cu/(Cu + Mn) ratio of 0.30. At a higher
copper content (x = 0.40, 0.50), the excess copper was not incorporated into the spinel but instead was present as a separate CuO phase. A transient
reduction/oxidation behavior was noted in the course of successive TPR/TPO cycles, as the efficiency of spinel reformation during oxidation of the
reduced catalyst gradually diminished. The amount of CO produced from reforming was well below water–gas shift equilibrium, indicating that
CO2 was the primary product, whereas CO was produced by the reverse water–gas shift reaction. TPO measurements after methanol-reforming
runs indicated only minimal carbon deposition.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The increasing demand for energy (especially in developing
nations), the uncertainty in energy prices, and the environmen-
tal impact of the conversion of fuels to energy, are 3 factors
sparking the development of energy-conversion processes, such
as fuel cells, that are efficient and have minimal environmental
impact [1]. Fuel cells are appropriate for automotive applica-
tions, and their impact can be significant considering the current
level of greenhouse gas emissions from automobiles [2]. Hy-
drogen is a clean fuel that can be produced from hydrocarbon
reforming. Methanol is a leading candidate as hydrogen carrier,
due to its high energy density, low sulfur content, easy avail-
ability, safe handling/storage, relatively low reforming temper-
atures, and low CO formation. Moreover, methanol may be
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derived from renewable energy sources. In such a case, a full
environmental benefit is achieved, because no CO2 emissions
are added to the atmosphere, and fossil energy resources are
preserved.

Hydrogen can be extracted from methanol via three process
alternatives: thermal decomposition of methanol [Eq. (1)], par-
tial oxidation of methanol [POM; Eq. (2)], and steam reforming
of methanol [SRM; Eq. (3)] [2–4]:

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

2CH3OH + O2 → 2CO2 + 4H2, �H ◦= −192.2 kJ mol−1,
(2)

CH3OH + H2O � CO2 + 3H2, �H ◦= 49.4 kJ mol−1. (3)

Thermal decomposition of methanol is an endothermic reaction
that occurs at higher temperatures (up to 400 ◦C) than the other
two processes. Moreover, it produces CO instead of CO2 and
thus is not applicable in PEM fuel cells, where CO poisons the
Pt electrodes. POM is the only exothermic pathway for deriv-
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ing hydrogen from methanol. The process occurs at moderate
temperatures (200–220 ◦C) but it produces a lower H2:CO2 ra-
tio (2:1) than SRM (3:1). Another significant drawback of POM
is the formation of hot spots in the reactor. SRM is more suit-
able for fuel cell applications, because it occurs at moderate
temperatures (200–300 ◦C) and produces more H2 per mol of
methanol. Its main drawbacks are the endothermicity of the re-
action and the slow response at startup. An alternative approach
is to combine POM and SRM by co-feeding oxygen, steam, and
methanol to the reformer. The overall reaction is referred to as
combined steam reforming of methanol (CSRM), or oxidative
methanol reforming (OMR):

CH3OH + (1 − 2α)H2O + αO2 → CO2 + (3 − 2α)H2
(0 � α � 0.5). (4)

The reaction coefficient α can be adjusted in such a way so
that the overall reaction is either thermally neutral or mod-
estly exothermic, because the heat needed for the endothermic
SRM is supplied by the exothermic POM reaction. Assuming
prevaporized reactants, Eq. (4) is thermally neutral (�H ◦ =
0 kJ mol−1) when the oxygen-to-methanol ratio is equal to
0.1 [5]. Experimental studies on the CSRM process are lim-
ited compared with those concerning SRM and focus mainly
on copper-based catalysts supported on ZnO, ZnO/Al2O3, or
CeO2 and group 8–10 metal-based catalysts supported on ZnO
or ZnO/CeO2 [6,7]. Huang and coworkers [8,9] determined the
kinetics of CSRM over Cu–Zn–Al catalysts and proposed cal-
culating the rate of the overall process by the sum of the rates
of POM and SRM reactions. Velu et al. [10–12] investigated
the effect of promoting Cu–Z–Al catalysts with Zr and Ce.
Cu–Zn-based catalysts containing Zr exhibited higher catalytic
activity in the CSRM reaction, which was attributed to the ease
of reducibility and enhanced dispersion of copper particles. The
substitution of Ce in the Cu–Zn–Al system did not significantly
affect the catalytic performance. Agrell et al. [13] also stud-
ied the CSRM reaction over Cu/ZnO-based catalysts and found
that Zr-containing catalysts performed well at high methanol
conversions, but the Cu/ZnO catalyst was more efficient at low
conversions; however, ZrO2 suppressed CO formation. On the
other hand, studies over an industrial copper-zinc oxide cata-
lyst showed that it was deactivated with time on stream due
to the agglomeration of copper [14]. We have proposed CuO–
CeO2 catalysts prepared by a urea combustion method [15,16];
we found these catalysts to be active for CSRM, with 99.7%
methanol conversion obtained at 320 ◦C with 95% H2 selectiv-
ity [15]. Similar catalytic behavior also was reported by Shan et
al. [17].

We recently examined copper-manganese spinel oxide cat-
alysts prepared following the urea–nitrate combustion method
for the SRM process [18] and found these catalysts to be supe-
rior to CuO–CeO2 catalysts prepared with the same technique,
despite their low surface area. Their high activity was attributed
to the formation of the spinel CuxMn3−xO4 phase in the fresh-
oxidized catalysts. Optimal performance was achieved with the
samples prepared with 75% excess of urea. In the present work,
the catalytic performance of a series of Cu–Mn catalysts has
been investigated for the CSRM process. The physicochemical
properties of these catalysts both before and after exposure to
the reaction mixture have been studied to gain insight into the
origin of their high activity. The sample with the best catalytic
performance was compared with a Cu/ZnO/Al2O3 commercial
catalyst.

2. Experimental

2.1. Catalyst preparation

A series of copper–manganese oxide catalysts with Cu/(Cu+
Mn) atomic ratios of 0 (Mn2O3), 0.10, 0.20, 0.30, 0.40, 0.50,
and 1 (CuO) were prepared by the urea–nitrate combustion
method as described previously [19]. A mixed solution of urea
with manganese nitrate and copper nitrate with urea/nitrate mo-
lar ratio of 2.93 (75% excess of urea [19]) was autoignited in
an open muffle furnace (preheated at 400–500 ◦C). To obtain
pure, well-crystallized Cu–Mn catalysts, the powders were fur-
ther heated at 550 ◦C for 1 h. All of the powders thus produced
were sieved to obtain the desired fraction (90 < dp < 180 µm).
For ease of reference, the catalysts are designated CuxMn1−x ,
where x is the Cu/(Cu + Mn) atomic ratio.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) patterns of the oxides were
recorded with a Philips PW1830/40 powder diffractometer us-
ing nickel-filtered CuKα radiation. The measurement was car-
ried out in the 2θ angle range of 25◦–85◦. The specific surface
area (SBET) of the samples was measured by N2 adsorption at
−196 ◦C using a Quantachrome Autosorb-1 instrument.

Temperature-programmed reduction and oxidation (TPR/
TPO) experiments were performed in a conventional flow sys-
tem equipped with a mass spectrometer [15,19]. The reducibil-
ity of all samples was examined by TPR experiments in the
temperature range of 25–650 ◦C, using 50-mg catalyst sam-
ples. Each sample was pretreated at 400 ◦C for 30 min under air
flow before TPR. After cooling to room temperature under He,
TPR experiments were carried out under a flow of a 3% H2/He
mixture (50 cm3 min−1) at a heating rate of 10 ◦C min−1.
Eleven sequential TPR/TPO cycles were performed over the
Cu0.30Mn0.70 catalyst in the temperature range of 25–550 ◦C.
TPR experimental conditions were the same as above, whereas
in TPO experiments a flow of 1% O2/He (50 cm3 min−1) was
used. TPR and TPO runs were followed by a soak at 550 ◦C un-
til the MS signals returned to baseline levels. Then the catalyst
bed was cooled to room temperature under a He flow. A mass
spectrometer (Omnistar/Pfeiffer Vacuum) was used for online
monitoring of effluent gases.

X-ray photoelectron spectra (XPS) of Cu–Mn catalysts were
recorded with experiments carried out in a commercial ultra-
high-vacuum system, equipped with a hemispherical electron
energy analyzer (SPECS LH-10) and a twin-anode X-ray gun
for XPS measurements. The base pressure was 5×10−10 mbar.
A non-monochromatized MgKα line at 1253.6 eV and an ana-
lyzer pass energy of 97 eV were used in all XPS measurements.
The surface composition of Cu–Mn samples in terms of atomic
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ratios was calculated using a Shirley-type background and em-
pirical cross-sectional factors for XPS [20].

2.3. Catalytic activity

Activity and selectivity measurements for SRM and CSRM
processes were carried out at atmospheric pressure in a fixed-
bed reactor system as described previously [15,19]. The sam-
ples were pretreated in a flowing 20 vol% O2/He mixture
at 400 ◦C for 30 min. The catalyst weight was 0.3 g, and
the total flow rate of the reaction mixture was 70 cm3 min−1

(W/F = 0.257 g s cm−3). The reaction feed was 5% MeOH,
H2O/MeOH = 1.5 in SRM tests and 5% MeOH, H2O/MeOH =
1.26, O2/MeOH = 0.10 in CSRM tests. Helium was used as a
diluent. The catalyst samples were reduced by exposure to the
SRM or CSRM feed for 2 h at 320 ◦C, after which measure-
ments were made by stepwise decrease of reaction temperature.
Identical results were obtained when reduction was carried out
using a 5% H2/He mixture instead of the (C)SRM feed. The
catalytic performance of Cu0.30Mn0.70 catalyst also was exam-
ined for the SRM and CSRM processes with more concentrated
feeds. A commercial Cu–Zn–Al catalyst (Haldor Topsoe LTS
catalyst; Cu content 40 wt%) was used as a reference. Product
and reactant analyses were carried out using a Shimadzu GC-
14B gas chromatograph equipped with thermal conductivity
and flame ionization detectors and Porapak QS and Carboxen
columns. Helium was used as the GC carrier gas. H2, CO2,
and CO were the main products of the SRM and CSRM re-
actions. Trace amounts of organic byproducts (formaldehyde
and methyl formate) also were detected at low reaction temper-
atures. The H2 and CO selectivities were calculated as

(5)H2 selectivity = [CO2]out/
([CO]out + [CO2]out

)

and

(6)CO selectivity = [CO]out/
([CO]out + [CO2]out

)
.

Kinetic experiments were carried out under differential con-
ditions (methanol conversion < 10%) using 50 mg of the
Cu0.30Mn0.70 catalyst.

3. Results and discussion

3.1. Catalyst characterization

The specific surface area of combustion-prepared, copper–
manganese oxide catalysts was found to be rather low, in agree-
ment with previous studies [18,21]. More specifically, the spe-
cific surface areas of the catalysts were Cu0.10Mn0.90, 5 m2 g−1;
Cu0.20Mn0.80, 7 m2 g−1; Cu0.30Mn0.70, 8 m2 g−1; Cu0.40Mn0.60,
8 m2 g−1; and Cu0.50Mn0.50, 7 m2 g−1. Tanaka et al. [21] re-
ported similar surface area values for Cu–Mn catalysts prepared
by various methods and calcined at 700 ◦C for 10 h. Pure CuO
and Mn2O3 had specific surface areas of 1 and 9 m2 g−1, re-
spectively.
3.1.1. XRD measurements
Fig. 1a shows XRD patterns of fresh Cu–Mn catalysts. The

pure oxides were identified as CuO and Mn2O3, with the latter
present in both cubic and orthorhombic phases, in agreement
with other studies [22,23]. On the other hand, the spinel phase
of Cu1.5Mn1.5O4 was predominant in the mixed oxide samples
and was already present in the sample with the lowest copper
content (Cu0.10Mn0.90), as evidenced by the peak at ∼36◦. The
intensity of XRD peaks of the Cu1.5Mn1.5O4 phase increased
with copper content, whereas those of the Mn2O3 phase de-
creased. A small amount of Mn2O3 appeared to be present even
at a Cu/(Cu + Mn) ratio of 0.40. Further increases in copper
loading resulted in the disappearance of the Mn2O3 phase and
appearance of the CuO phase in the XRD pattern. Li et al. [24]
also found that the excess of copper or manganese led to the
formation of CuO or Mn2O3 phase, respectively.

XRD analysis of used Cu–Mn catalysts after testing un-
der CSRM conditions at 200–320 ◦C for ∼6 h showed that
the spinel phase decomposed to MnO, Cu2O, and Cu0 phases
(Fig. 1b). Detection of small amounts of oxidized copper
species (Cu2O) may result from partial reoxidation due to ex-
posure to air. The intensity of XRD peaks of Cu0 and Cu2O
phases increased with increasing copper content. Comparing
the XRD patterns shown in Figs. 1a and 1b demonstrates that
the used catalysts were less crystalline than the fresh ones. The
XRD patterns of the Cu0.30Mn0.70 catalyst in (a) fresh condition
and after testing under (b) SRM and (c) CSRM conditions are
shown in Fig. 2. The phases identified after reaction correspond
to decomposition/reduction of the spinel phase, as reported pre-
viously [25–27]. Table 1 summarizes the identified phases in
the Cu0.30Mn0.70 catalyst and their corresponding JCPDS file
numbers.

3.1.2. TPR measurements
The reducibility of Cu–Mn catalysts was investigated via

TPR measurements. TPR profiles of all samples are shown in
Fig. 3. Pure CuO was reduced to metallic copper in a single
step and in the temperature range of 250–350 ◦C with a peak
at 330 ◦C. This is a typical temperature range for CuO reduc-
tion [19,22,23,28,29]. The reduction profile of pure Mn2O3
was characterized by a broad low-temperature shoulder at 300–
500 ◦C, followed by a peak at ∼520 ◦C. Reduction continued at
temperatures as high as 600 ◦C. Generally, a two-step reduction
profile of pure Mn2O3 has been reported [22,23,28]. Before for-
mation of the MnO phase, Mn2O3 is reduced to Mn3O4 at lower
temperatures. Further reduction of MnO to metallic manganese
does not occur up to 1000 ◦C for thermodynamic reasons [29].

The reduction profiles of Cu–Mn catalysts were character-
ized by a main peak at ∼400 ◦C, which was present in all cases
(Fig. 3). The intensity of this peak was similar for all catalysts
except Cu0.10Mn0.90, for which it was lower. An additional peak
appeared at 290–330 ◦C in the Cu0.40Mn0.60 and Cu0.50Mn0.50
catalysts, whose intensity increased with increasing copper con-
tent. Tanaka et al. [28] reported on the TPR profile of a Cu–Mn
spinel oxide catalyst (Cu/Mn = 1/2, calcined at 900 ◦C), which
is similar in shape and position to what was found in the present
work for the Cu0.30Mn0.70 sample. Buciuman et al. [22] also
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(a)

(b)

Fig. 1. (a) XRD patterns of as-prepared CuO, Mn2O3 and Cu–Mn catalysts. (a) Mn2O3, (b) Cu0.10Mn0.90, (c) Cu0.20Mn0.80, (d) Cu0.30Mn0.70, (e) Cu0.40Mn0.60,
(f) Cu0.50Mn0.50 and (g) CuO. (2) Cu1.5Mn1.5O4, (!) Mn2O3, (1) CuO. (b) XRD patterns of Cu–Mn catalysts after CSRM. (a) Cu0.10Mn0.90, (b) Cu0.20Mn0.80,
(c) Cu0.30Mn0.70, (d) Cu0.40Mn0.60, (e) Cu0.50Mn0.50. (Q) Cu2O, (") MnO, (X) Cu0.
observed that Cu–Mn spinel prepared at 1000 ◦C is reduced
with a peak at 410 ◦C. On the other hand, other previous reports
[23,26,30] have indicated that the spinels (Cu/Mn = 1/1 or 1/2,
Tcalc = 500–550 ◦C) are reduced in the temperature range of
200–350 ◦C. The origin of this discrepancy is not quite clear.
One possibility is differences in the surface area of the cata-
lysts; the samples in Refs. [23,26,30], which had surface areas
in the range of 18–33 m2 g−1, were reduced at lower tempera-
tures than the samples in Refs. [22,28], which had surface areas
<1 m2 g−1. Our samples had also rather low surface areas, in
the range of 5–8 m2 g−1. Tanaka et al. [28] examined the effect
of calcination temperature on the surface area and reducibility
of Cu–Mn spinel catalysts and found that the surface area of
spinel catalysts decreased from 6.6 to 0.6 m2 g−1 with an in-
crease in calcination temperature from 500 to 1100 ◦C, but the
peak temperature in the TPR profiles did not change; that is,
there was no effect on reducibility. Buciuman et al. [22], on the
other hand, found that an increase in calcination temperature
from 550 to 1000 ◦C led to a decrease in surface area from 2.6
to 0.7 m2 g−1 and a shift of TPR peak temperature from 320 to
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410 ◦C. Our TPR results are comparable to those obtained for
low-surface area samples prepared by calcination at high tem-
peratures. It should be recalled that high temperatures of the
order of 1000 ◦C developed, albeit for a few seconds, during
the combustion synthesis used in the present work.

The appearance of a low-temperature TPR peak at ∼290–
330 ◦C for the copper-rich catalysts (Cu0.40Mn0.60 and Cu0.50-
Mn0.50) may be attributed to reduction of CuO species, not
incorporated into the spinel lattice. This is based on the fol-
lowing evidence: (i) The position of this peak is similar to the
one of pure CuO reduction; (ii) the intensity of this peak in-
creases with increase of copper content; and (iii) XRD patterns
of Cu0.40Mn0.60 and Cu0.50Mn0.50 catalysts indicate the pres-
ence of a CuO phase.

The TPR results of Cu–Mn catalysts indicate that man-
ganese ions are reduced at lower temperatures compared with
pure Mn2O3. It is generally accepted that copper has a pro-
moting effect on the reduction of manganese ions in the spinel

Table 1
Crystalline phases of Cu0.30Mn0.70 catalyst

Catalyst status Crystalline phases (JCPDS file No.)

As-prepared Cu1.5Mn1.5O4 (35-1171)
Mn2O3 (cubic, 41-1442)
Mn2O3 (orthorhombic, 24-0508)

After SRM MnO (07-0230)
Mn3O4 (24-0734)
γ -Mn2O3 (tetragonal, 06-0540)
Cu0 (04-0836)

After CSRM MnO (07-0230)
Cu2O (03-0892)
Cu0 (04-0836)
catalyst [23,26,28,30]. It is also evident in Fig. 3 that reduc-
tion of Cu0.10Mn0.90, Cu0.20Mn0.80, and Cu0.30Mn0.70 cata-
lysts commences at a lower temperature than that of pure
CuO. This implies that the initiation of reduction of cop-
per ions is also promoted by the presence of manganese
ions.

Fig. 3. H2-TPR profiles of as-prepared CuO, Mn2O3 and Cu–Mn catalysts.
Fig. 2. XRD patterns of Cu0.30Mn0.70 catalyst (a) as-prepared, (b) after SRM and (c) after CSRM. (2) Cu1.5Mn1.5O4, (!) Mn2O3, (Q) Cu2O, (") MnO, (X) Cu0,
(P) Mn3O4, (%) γ -Mn2O3.
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(a)

(b)

Fig. 4. TPR/TPO cycles (from 1 to 11) of Cu0.30Mn0.70 catalyst.

3.1.3. Redox cycles
Successive TPR/TPO runs were carried out over the Cu0.30-

Mn0.70 catalyst to examine the reversibility of reduction/oxida-
tion cycles. The maximum temperature of the runs was the same
as used in catalyst synthesis (550 ◦C) to avoid temperature-
Fig. 5. Hydrogen and oxygen uptake during TPR/TPO cycles.

induced changes in catalyst structure. The sequential TPR and
TPO profiles are shown in Figs. 4a and 4b, respectively, and
the amounts of H2 or O2 consumption in each cycle are pre-
sented in Fig. 5. Significant changes can be observed in the
reduction profiles of sequential TPR runs. Each profile can be
divided into 2 overlapping regions: (i) region I, in the temper-
ature range of 350–480 ◦C, which is characterized by a main
peak at 400 ◦C, accompanied by a high-temperature shoulder
at 430–460 ◦C. The intensity of this peak gradually decreases
and vanishes after the ninth run, (ii) region II in the temperature
range of 220–380 ◦C, which is characterized by a single sym-
metrical peak at ∼320 ◦C. This peak develops after the third
cycle, gradually increases in intensity and essentially stabilizes
after the ninth cycle.

The amount of hydrogen consumed during TPR (Fig. 5)
progressively decreased in successive TPR runs and remained
practically unchanged after the ninth run. The amount of H2
consumed in the first runs is slightly higher than the one cor-
responding to reduction of both CuO (to Cu0) and Mn2O3 (to
MnO) at the specific composition of the Cu0.30Mn0.70 catalyst.
This means that complete reduction of the spinel phase occurs
during TPR and the excess consumption of hydrogen may be
attributed to (i) the presence of Mn4+ ions and (ii) hydrogen in-
corporation in the catalyst during TPR. Hydrogen incorporation
during TPR was confirmed by carrying out a TPD run right af-
ter TPR, during which desorption of small amounts of H2 was
observed (1–2% of the amount of H2 consumed during TPR).
The amount of hydrogen consumed in the last cycles indicates
that mostly CuO reduction occurs.

The profiles of successive TPO runs (Fig. 4b), which fol-
lowed after each TPR run, are characterized by a main peak at
200–300 ◦C and a broad feature above 400 ◦C. With an increase
in cycle number, the intensity of the TPO profile decreases, but
otherwise no significant change is observed in the profile ap-
pearance. The amount of oxygen consumed (Fig. 5) gradually
decreased in a similar fashion to that of hydrogen during suc-
cessive TPO cycles, and its quantity was approximately half of
that of hydrogen as expected from the stoichiometries of reduc-
tion and oxidation. The results obtained in the TPR/TPO cycles
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indicate that the efficiency of spinel reformation was dimin-
ished at successive reduction/oxidation cycles; that is, oxidation
at temperatures up to 550 ◦C was not sufficient to fully restore
the spinel structure. It should be emphasized that the TPR pro-
files at high cycle numbers were quite similar to that of pure
CuO, which implies that during TPO, Cu0 is oxidized to Cu2+,
but copper ions are not incorporated back to the spinel structure.
This might be due to increasing difficulty of MnO reoxidation
at successive cycles. The amounts of O2 consumed in the last
cycles correspond to full oxidation of Cu0 to CuO and oxida-
tion of only a small percentage (20%) of Mn2+ to Mn3+. Oku et
al. [31] reported that the surface of MnO is not easily oxidized
at temperatures below 600 ◦C.

The amount of hydrogen consumed during TPR corresponds
to reduction of the catalysts toward Cu0 and MnO. There-
fore, the catalyst structure after a TPR run should be analo-
gous to that after a methanol-reforming test for which XRD
analysis (Fig. 2) showed that the spinel oxide phase is decom-
posed under the reducing conditions of reforming with copper
segregation on the catalyst surface. Tanaka et al. [27,28] con-
cluded, based on TPR and XRD measurements, that reduction
of Cu–Mn spinel oxides leads to formation of highly dispersed
Cu species that contribute to high CO conversion in the WGS
reaction. A sequential reduction/oxidation treatment was ap-
plied by Paldey et al. [29] to improve the catalytic activity of
a Cu–Mn–Fe pigment in the CO oxidation reaction. Their find-
ings indicate that reoxidation leads to formation of small clus-
ters of the spinel phase around small Cu and MnO domains.
This refined morphology with high density of defects led to
great enhancement of CO oxidation activity.

3.1.4. XPS measurements
The oxidation states of copper and manganese in the spinel

oxide catalysts were determined via XPS surface analysis. Sur-
face atomic ratios were also calculated and compared with bulk
ratios. These measurements are summarized in Table 2. Fig. 6
compares the Mn 2p and Cu 2p binding energies and Cu L3VV
Auger kinetic energy of Cu–Mn spinel oxides. XPS curve-
fitting analysis revealed that Mn(III), Mn(IV), Cu(II), and Cu(I)
species are simultaneously present in the fresh, oxidized sam-
ples. Although the interpretation of XPS spectra of manganese
oxides in terms of the actual Mn oxidation state is complex due
to the slight differences of the corresponding binding energies
of the main peaks, the peak at 642 eV (Fig. 6A) can be assigned
to Mn3+ and Mn4+ cations, in agreement with previous reports
[32–38]. A binding energy equal or higher than 642 eV reveals
the presence of both cations; a slightly higher binding energy is
observed when Mn4+ alone is present [35,36]. The fact that the
Mn 2p spectra do not contain any shake-up features at higher
binding energies suggests the absence of Mn2+ species from
the catalyst surface [31,39,40].

Copper in all of the as-prepared samples had its 2p3/2

(Fig. 6B) main peak located at ∼933.9 eV. In accordance with
previous studies, this peak is assigned to Cu2+ cations, because
it is accompanied by a strong shake-up line at ∼942 eV [19,
26,33,37,38,40]. The relative intensity of the satellite with re-
spect to the main line was estimated to be in the range of 0.27
(x = 0.50)–0.83 (x = 0.10). The corresponding values for pure
CuO and Cu2O are 0.55 and 0 [19]. An additional peak shoul-
der appeared at 931 eV for copper loadings above x = 0.10, the
intensity of which increased with copper loading. The lower
binding energies at ca. 932 eV suggest the presence of reduced
copper species; however, the Cu 2p3/2 binding energies cannot
be used to distinguish between Cu+ and Cu0, because these
were almost identical. The corresponding kinetic energy spec-
tra of Cu L3VV electron (Fig. 6C) consisted of a main peak at
916.7 eV, indicating the absence of Cu0. Jernigan and Somor-
jai [41] found kinetic energies of 918.5 eV for Cu0, 916.5 eV
for Cu2O, and 917.6 eV for CuO. In addition, the calculated
values of the Auger parameter, α, were ∼1851.7 and ∼1848.8,
characteristic of the presence of Cu2+ and Cu+ species, respec-
tively. Thus, the peak at 931 eV in the Cu 2p XP spectra can be
attributed to Cu+. The binding energy of Cu(I) is strongly nega-
tively shifted, however. These experimental observations are in
agreement with the formation of Cu+ and Mn4+ ions as a re-
sult of the redox equilibrium Cu2+ + Mn3+ = Cu+ + Mn4+,
which is expected on copper substitution. The results of the
surface quantitative analysis (Table 2 and Fig. 7) show that a
nearly homogeneous Cu–Mn composition between the surface
and the bulk was obtained for catalysts with copper loading up
to x = 0.30. Further increases in copper loading resulted in de-
creased copper dispersion, in agreement with XRD analysis,
which revealed the presence of the CuO phase at higher cop-
per loadings (i.e., x = 0.50). A similar linear increase in Cu+
concentration also occurred with copper loading up to x = 0.30.

In accordance with XRD measurements, XPS analysis also
revealed decomposition of the spinel oxide after the reforming
test, with the Cu 2p3/2 peak shoulder at 931 eV disappearing.
Table 2
XPS analysis of fresh Cu–Mn catalysts

Catalyst Cu 2p3/2
B.E., eVa

Cu L3VV
K.E., eV

Mn 2p3/2,
B.E., eVa

Surface atomic ratio

Cu2+ Cu+ Cu/(Cu + Mn) Cusat./Cumain
b Cu+/(Cu+ + Cu2+)

Cu0.10Mn0.90 933.9 (3.2) – 917.8 642.0 (3.0) 0.12 0.83 0.00
Cu0.20Mn0.80 933.9 (3.2) 931.0 (2) 917.8 642.0 (3.2) 0.19 0.52 0.13
Cu0.30Mn0.70 933.8 (3.2) 931.0 (2) 917.8 641.9 (3.3) 0.24 0.62 0.21
Cu0.40Mn0.60 933.8 (3.2) 931.0 (2) 917.8 642.0 (3.2) 0.25 0.29 0.22
Cu0.50Mn0.50 933.9 (3.2) 931.0 (2) 917.5 641.9 (3.3) 0.28 0.29 0.25

a FWHM in parenthesis.
b Cumain: Cu 2p3/2 main line, Cusat.: Cu 2p3/2 satellite.
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(A) (B)

(C)

Fig. 6. (A) Mn 2p XP spectra, (B) Cu 2p XP spectra and (C) kinetic energy spectra of Cu L3VV Auger electron of Cu–Mn catalysts. (a) Cu0.10Mn0.90,
(b) Cu0.20Mn0.80, (c) Cu0.30Mn0.70, (d) Cu0.40Mn0.60 and (e) Cu0.50Mn0.50.
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Fig. 7. Variation of the surface atomic ratios of Cu/(Cu + Mn) and Cu+/(Cu+ + Cu2+) determined by XPS and of the temperature at which 90% conversion of
methanol was obtained (CSRM process, Fig. 8) versus the corresponding nominal bulk ratio of Cu/(Cu + Mn).
This peak demonstrates the presence of copper ions in the spinel
structure. On the other hand, further analysis of copper and
manganese XPS spectra in spent catalysts was difficult due to
the possibility of surface reoxidation after exposure in air be-
fore the XPS measurements.

3.2. Catalytic activity and selectivity

The catalytic activity and selectivity of Cu–Mn catalysts for
the CSRM process are shown in Fig. 8. Catalyst activity in-
creased with increasing copper content, up to x = 0.40. Further
increases in copper loading led to decreased catalytic activity.
The similar performance of Cu0.30Mn0.70 and Cu0.40Mn0.60 is
closely related to their almost identical physicochemical char-
acteristics, as shown in their XRD patterns (Fig. 1a) and the
XPS analysis (Table 2 and Fig. 7). As shown in Fig. 7, the cat-
alytic activity, expressed as the temperature at which 90% con-
version of methanol is achieved (T90) increased (i.e., decrease
in T90 value) monotonically with the surface concentration of
well-dispersed copper species. T90 values were minimized in
the range x = 0.30–0.40. Further increases in copper loading
resulted in formation of bulk CuO and subsequent decreased
catalytic activity. This is in line with TPR results (Fig. 3), which
show that for x > 0.30, a low-temperature peak appeared in the
TPR profiles, attributed to the reduction of surface copper ox-
ide species (i.e., of copper ions not incorporated into the spinel
structure). At the highest copper loading (x = 0.50), these CuO
species are readily visible in the XRD pattern.

The most active samples (Cu0.30Mn0.70 and Cu0.40Mn0.60)
exhibited almost identical activity and selectivity curves (Fig. 8)
and achieved 100% methanol conversion with ∼97% H2 selec-
tivity at 240 ◦C. CO selectivity was lower than its equilibrium
value at reaction temperatures below 240 ◦C, whereas it was
quite close to equilibrium at temperatures above 240 ◦C, where
methanol conversion was 100%. Hutchings et al. [42] reported
Fig. 8. Effect of Cu/(Cu + Mn) ratio on activity and selectivity of Cu–Mn
catalysts for the CSRM process. W/F = 0.257 g s cm−3, 5% MeOH,
H2O/MeOH = 1.26, O2/MeOH = 0.10. (2) Cu0.10Mn0.90, (Q) Cu0.20Mn0.80,
(a) Cu0.30Mn0.70, (F) Cu0.40Mn0.60, (") Cu0.50Mn0.50. Dashed line: equi-
librium CO selectivity.

that Cu–Mn catalysts prepared with a Cu/Mn ratio > 1 showed
similar catalytic activity for the oxidation of CO; nevertheless,
the Mn-rich catalysts were much more active, and the sample
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Fig. 9. Effect of MeOH concentration on activity and selectivity of Cu0.30-
Mn0.70 catalyst for SRM process. W/F = 0.257 g s cm−3, H2O/MeOH = 1.5.
(2) 5% MeOH, (") 10% MeOH, (Q) 15% MeOH, (F) 20% MeOH, (a) 25%
MeOH, (1) 31.8% MeOH. Dashed line: equilibrium CO selectivity.

with Cu/Mn = 0.47 [i.e., Cu/(Cu + Mn) = 0.32] was the most
active of all.

3.2.1. Kinetic analysis
Fig. 9 illustrates the effect of methanol concentration in

the catalytic performance of the selected Cu0.30Mn0.70 catalyst.
With an increase in the methanol partial pressure in the feed,
the methanol conversion decreased, implying a reaction order
<1 with respect to methanol partial pressure, in agreement
with previous results [43]. Using a feed with 31.8% MeOH,
a conversion of 93.5% was obtained at 280 ◦C with 98.3% H2
selectivity. CO selectivity decreased with increasing methanol
concentration in the feed and in all cases was lower than its cor-
responding equilibrium value.

To examine the effect of water and methanol partial pressure
on the SRM reaction, additional experiments were performed
under differential reaction conditions. These experiments were
conducted with fixed methanol and varying water partial pres-
sure and vice versa. With an increase of water or methanol
partial pressure, the reaction rate of CO2 production increased,
as shown in Fig. 10. The kinetic data were fitted by a simple
power law expression [44]

(7)−rMeOH = k0 exp(−E/RT )P a
MeOHP b

H2O.

The kinetic parameters—pre-exponential factor, k0, activation
energy, E, and the reaction orders a and b—obtained by fitting
the experimental data were a = 0.7, b = 0.5, E = 71 kJ mol−1,
and k0 = 6.33 × 109 µmol g−1 s−1 atm−1.2.

The solid lines in Fig. 10 correspond to the predictions of
Eq. (7) using the above values of the kinetic parameters. A quite
satisfactory fitting of experimental results was obtained in all
cases. The apparent activation energy of methanol reforming
over Cu–Zn-based catalysts has been reported to be in the range
of 75–105 kJ mol−1 [43–48]. There are no literature results con-
cerning Cu–Mn catalysts. Idem and Bakhshi [50] have reported
an activation energy of ∼79 kJ mol−1 for Cu–Al–Mn catalysts.
Therefore, the activation energy found in this work lies on the
left-hand side of reported values. It should be noted that the cat-
alyst particle size used in this work is sufficiently small to allow
any mass/heat transfer effect on the kinetic results to be ruled
out. The reaction orders with respect to methanol and water
partial pressure have been determined by many investigators,
mainly for Cu–Zn catalysts [43,46,48]. The reported values are
generally in the range of 0.2–0.6 for methanol and 0.02–0.4
for water; these values are comparable to what we found in
the present work for the Cu–Mn catalysts. The overall reac-
tion order of methanol reforming with respect to reactants was
1.2 (0.7 + 0.5), which implies that methanol conversion should
not be significantly influenced by increased methanol and water
concentration in the feed. In the actual experiment, however, the
conversion of methanol decreased considerably with increasing
methanol and water concentration in the feed (Fig. 9). This is
attributed to inhibition of the reaction by produced hydrogen.
In many cases, a negative reaction order with respect to hydro-
gen partial pressure has been reported [43,46,48]; in addition,
one article has reported a negative reaction order for carbon
dioxide [47]. It also should be noted that during the differen-
tial kinetic experiments, the sole carbon-containing product was
CO2, whereas CO also was produced in integral tests, especially
at high temperatures. If CO were a primary product of the reac-
tion, then CO concentration in the products would be equal to
or greater than the corresponding CO concentration at the WGS
equilibrium. Because the CO concentration was always well be-
low the equilibrium CO concentration, it is safe to assume that
CO2 was the primary product of methanol steam reforming and
that CO was produced as a secondary product via the reverse
WGS reaction. If CO were produced through the Boudouard
reaction [49,50], then signs of early deactivation should be evi-
dent due to carbon deposition. Combustion-synthesized Cu–Mn
catalysts showed no signs of deactivation during catalytic ac-
tivity runs, whereas very low amounts of CO2 were produced
during TPO runs (not shown) carried out immediately after
methanol-reforming experiments.

3.2.2. CSRM versus SRM
The activity and selectivity curves for both SRM and CSRM

over the Cu0.30Mn0.70 catalyst are shown in Fig. 11. The
methanol conversion curves obtained under SRM and CSRM
conditions were similar in the case of the diluted feed (5%
MeOH). In contrast, significantly enhanced methanol conver-
sion was observed under CSRM conditions in the case of the
concentrated feed (31.8% MeOH). The T50 was 250 ◦C for the
SRM process and 210 ◦C for the CSRM process. We previ-
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(a)

(b)

Fig. 10. Reaction rate of steam reforming of methanol as a function of (a) water partial pressure at PMeOH = 0.02 atm and (b) methanol partial pressure at
PH2O = 0.085 atm, over the Cu0.30Mn0.70 catalyst. Symbols: experimental points. Solid lines: model predictions according to Eq. (7).
ously reported [15], in accordance with other groups [3,4,12,
13], that the improved catalytic activity for methanol reforming
by co-feeding oxygen along with steam and methanol may be
attributed to more efficient heat transfer in the catalytic bed, be-
cause oxygen is initially consumed through combustion of part
of methanol feed and heat is generated in situ in the direction
of flow. It is understandable that this heat effect should be more
pronounced in the case of the concentrated feed, which contains
more oxygen than the diluted feed. Regarding CO selectivity,
the curves of the SRM and CSRM processes were almost identi-
cal (with the exception of 5% MeOH in the feed) above 260 ◦C,
whereas any further increase in reaction temperature resulted in
increased CO selectivity in the case of the CSRM process.
3.2.3. Cu–Mn spinel oxide versus commercial Cu/ZnO/Al2O3

catalyst
The catalytic performance of the Cu0.30Mn0.70 catalyst was

compared with that of a commercial Cu/ZnO/Al2O3 reform-
ing catalyst under identical reaction conditions. The conversion
and selectivity curves of SRM and CSRM processes over these
2 catalysts are shown in Fig. 12. In the case of steam reform-
ing with dilute feed (5% MeOH, Fig. 12a), the catalytic per-
formance of these catalysts was almost identical in both the
presence and absence of oxygen. When a concentrated feed
(31.8% MeOH, Fig. 12b) was used, the two catalysts exhibited
similar activity in the presence of oxygen, but the commercial
catalyst was more active than Cu0.30Mn0.70 in the absence of
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(a)

(b)

Fig. 11. MeOH conversion and CO selectivity over the Cu0.30Mn0.70 cat-
alyst, for SRM (solid symbols) and CSRM (open symbols) processes, with
(2) 5% MeOH and (Q) 31.8% MeOH. SRM: H2O/MeOH = 1.5, CSRM:
H2O/MeOH = 1.26, O2/MeOH = 0.10.

Fig. 12. Comparison between Cu0.30Mn0.70 (solid symbols) and commer-
cial (open symbols) catalysts, for different feedstreams: (a) (") SRM (5%
MeOH, H2O/MeOH = 1.5) and (Q) CSRM (5% MeOH, H2O/MeOH = 1.26,
O2/MeOH = 0.10). (b) (") SRM (31.8% MeOH, H2O/MeOH = 1.5) and
(Q) CSRM (31.8% MeOH, H2O/MeOH = 1.26, O2/MeOH = 0.10). W/F =
0.257 g s cm−3. Dashed line: equilibrium CO selectivity.

oxygen. The addition of oxygen did not seem to affect the per-
formance of the commercial catalyst. Similar results regarding
the effect of co-added oxygen on methanol conversion over Cu–
Zn–Al catalysts have been reported by Agrell et al. [13] and
Lindstrom et al. [51]. In contrast, the activity of the Cu–Mn
catalyst was increased considerably by co-addition of O2. The
different response of the two catalysts on the addition of oxygen
implies that, in addition to heat effects, oxygen may modify the
oxidation state and activity of the catalysts. It also should be
mentioned that the Cu0.30Mn0.70 catalyst exhibited lower CO
selectivity than the commercial catalyst at high temperatures,
where methanol conversion was close to 100%.

3.2.4. Stability with reaction time
One of the major problems associated with using copper-

based catalysts in methanol reforming is the deactivation with
time-on-stream, due mainly to copper sintering or formation of
carbonaceous deposits on the catalyst surface [43–46,49,50,52].
To investigate the stability of Cu–Mn catalysts under CSRM
reaction conditions compared with that of the commercial Cu–
Zn–Al catalyst, 8-h catalytic runs were performed at 300 ◦C
over the Cu0.30Mn0.70 and Cu–Zn–Al catalysts. The results,
shown in Fig. 13, indicate that the only difference between
the catalysts was in the H2 selectivity, which was higher over
the Cu0.30Mn0.70 catalyst (92.5 vs 85% over Cu–Zn–Al). Oth-



J. Papavasiliou et al. / Journal of Catalysis 251 (2007) 7–20 19
Fig. 13. Variation of methanol conversion (solid symbols) and H2 selectivity (open symbols) with reaction time-on-stream for the CSRM over Cu0.30Mn0.70 and
commercial Cu–Zn–Al catalysts. Operating conditions: W/F = 0.257 g s cm−3, 31.8% MeOH, H2O/MeOH = 1.26, O2/MeOH = 0.10, T = 300 ◦C.
erwise, the methanol conversion obtained over these catalysts
was comparable, and the catalysts also appeared to be quite
stable with decreasing methanol conversion from 98–99% to
96% after 8 h on stream. The H2 selectivity remained prac-
tically unchanged throughout this period. Purnama et al. [44]
reported a rapid decline within the first hours of steam reform-
ing with a commercial Cu/ZnO/Al2O3 catalyst. A commercial
Cu/ZnO/Al2O3 catalyst, Synetix 33-5 [43], also declined rela-
tively quickly and became stable after 50 h of operation. The
thermal stability of Cu–Mn catalysts may be attributed to sta-
bilization of metallic copper particles formed under reaction
conditions due to interaction with the host oxide MnO [27,28].

4. Conclusion

Combustion-synthesized Cu–Mn spinel oxide catalysts are
highly active for the production of H2 via (combined) steam
reforming of methanol despite their low surface area. Their ac-
tivity is comparable to that of commercial Cu–Zn–Al catalysts.
XRD analysis of fresh catalysts revealed that they are com-
posed of the spinel phase Cu1.5Mn1.5O4, as well as of Mn2O3
and CuO, depending on the Cu/Mn ratio. Exposure of the cat-
alysts to the methanol-reforming reaction mixture resulted in
the reduction/decomposition of the spinel oxide and formation
of reduced species of copper and manganese. XPS analysis re-
vealed the presence of two different oxidation states in both
copper (Cu2+ and Cu+) and manganese (Mn4+ and Mn3+) in
fresh catalysts and decomposition of the spinel in used cat-
alysts. XRD and TPR measurements showed that at a high
copper content (x = 0.40, 0.50), the excess copper was not in-
corporated into the spinel, but rather was present as a separate
CuO phase. A transient reduction/oxidation behavior was seen
in the course of successive TPR/TPO cycles, as the efficiency
of spinel reformation during oxidation of the reduced catalyst
gradually diminished. The optimal catalyst was prepared with a
Cu/(Cu + Mn) ratio of 0.30, and the catalytic performance as a
function of copper content was in agreement with the results of
characterization analysis. A simple power-law rate expression
with reaction orders of 0.7 (methanol) and 0.5 (water) pro-
vided a good fitting of the kinetic data. Product hydrogen, on
the other hand, inhibited the reaction. The amount of CO pro-
duced during reforming process was well below that predicted
by the WGS equilibrium, indicating that CO2 was the product
of steam reforming, whereas CO was produced by the reverse
WGS reaction. TPO measurements performed after methanol-
reforming runs indicated that carbon deposition was minimal.
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