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Abstract

Nanoparticulate ternary oxides (perovskites and spinels) and mixtures of oxides have been prepared via a template technique using a sodium

silicate-based silica xerogel as template. The oxides prepared by this method were tested as catalysts for the methanol steam reforming reaction at

250 8C and a very high space velocity (WHSV = 52–57 h�1). Copper-based catalysts (CuMn2O4 and CuCr2O4 spinels or CuO/CeO2 and CuO/

ZnO) exhibit a high activity and selectivity for the steam reforming process, whereas the other formulations employed (LaFeO3, LaMnO3,

NiMn2O4) are not active in the experimental conditions of this work. The favourable effect of increasing the surface area on the activity of the

catalysts is clearly observed for CuMn2O4, which exhibits the highest initial reaction rate and a selectivity to CO2 formation of over 90%. The

catalytic activity values of the copper-based catalysts are similar to or greater than those found in the literature for common methanol steam

reforming catalysts including noble metal-based catalysts. Deactivation of the catalysts seems to be independent of the preparation method and can

be attributed to the concomitant effect of coke deposition and sintering.
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1. Introduction

Hydrogen production systems by the steam reforming of

methanol (SRM) constitute a promising technology for energy

feeding in portable electronic devices, for decentralized re-

fuelling units for hydrogen-based automobiles or as on-board

generation systems for hydrogen-based internal combustion

engines or PEM fuel cells [1]. Methanol is an appropriate

source of hydrogen because of its high energy density, safe

handling and easy synthesis from renewable and fossil fuels [2].

Methanol transformation into gaseous mixtures enriched with

hydrogen can be achieved by several reactions such as SRM

(R1) [3–6], methanol decomposition (R2) [2,7] and partial

oxidation (R3) [8,9]. In many cases, a combination of these

reactions ensures the autothermal conditions as in the oxidative

steam reforming process (R4) [10,11]:

CH3OH þ H2O ? CO2þ 3H2 (R1)

CH3OH ? CO þ 2H2 (R2)
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CH3OH þ 1=2O2 ? CO2þ 2H2 (R3)

CH3OH þ 0:75H2O þ 0:125O2 ? CO2þ 2:75H2 (R4)

In the absence of oxygen, a high selectivity towards reaction

(R1) is pursued, either by ensuring that reaction (R2) does not

occur or by converting the CO produced in this reaction into

CO2 via the water gas shift reaction, described by (R5) [12]:

CO þ H2O ? CO2þH2 (R5)

Water gas shift catalysts have been proposed for methanol

steam reforming because they facilitate the methanol reforming

reaction as well as the water gas shift reaction (R5) [12–14].

Perovskites and spinels have been successfully tested as cat-

alysts for the water gas shift reaction [15,16] so that in principle

they seem good candidates to be tested for methanol steam

reforming. In addition, palladium-based catalysts [4,17,18] or

copper-based catalysts promoted by ZnO [6,19], CeO2

[6,20,21], SnO2 [22], ZrO2 [23], Cr2O3 [24], ZnO/ZrO2 [25]

or CeO2/ZrO2 [26] have proved to be very active in the SRM

reaction. Manganese oxides have also been employed as pro-

moters by Idem and Bakhshi [27,28] who discovered that the

mailto:tvaldes@incar.csic.es
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presence of CuMnO2 and Mn2O3 produced an increase in the

catalytic activity of the catalyst.

For all the above mentioned structures it is vital to devise

preparation techniques that lead to the fabrication of catalysts

with a high surface area, whose value is parallel to that of the

catalytic activity. However, the common preparation methods

of mixed oxides and mixtures of oxides usually require the

unconfined precursors to be subjected to high temperature

calcination steps. This provokes the sintering of the resulting

particles, with the concomitant reduction of active surface

area, typically in the range of a few square meters (<10) per

gram. Thermal treatments can be avoided by the use of

‘‘chimie douce’’-based nanotechnological approaches, such

as microemulsion techniques [29], but these are expensive

procedures which, moreover, must integrate stages for the

separation of the organic solvents and surfactants. These

disadvantages, when using thermal methods for unconfined

precursors or liquid phase preparations, have been recently

overcome by means of nanocasting procedures, such as

template methods with hard templates (porous solids such as

silica gel and active carbon) [30–32]. In this case, the

synthesis of the nanoparticles takes place in a confined space

formed by the porosity of the template. The attraction of these

methods is the confined calcination process that avoids the

uncontrolled growth of the material during the synthesis, thus

favouring the formation of nanostructures. Several materials

have been prepared by template methods using active carbon

[32] and mesostructured silica materials [33]. Recently, our

lab used an inexpensive mesoporous silica xerogel template

to prepare high surface area single metal oxides [31] as well

as high surface area perovskites and spinels [34]. The ternary

oxides prepared by this method attain BET surface area

values up to 110 m2/g and particle sizes below 16 nm. The

main advantage of using silica xerogels instead of active

carbon resides in its stability at high temperatures, since the

reactivity of carbonaceous materials in the presence of

transition metal oxides can be a drawback (i.e. undesired

reduction of oxides). On the other hand, some oxides such as

ZnO cannot be prepared with a silica template since they are
Table 1

Preparation conditions and characterization of nanoparticulate material (ST: silica

Referencea Formulation Method

P-LaMn LaMnO3 ST (O/T = 1.0)

P-LaFe LaFeO3 ST (O/T = 1.0)

S-CuCr CuCr2O4 ST (O/T = 1.0)

S-CuMn-a CuMn2O4 ST (O/T = 1.0)

S-CuMn-b CuMn2O4 ST (O/T = 0.5)

S-NiMn NiMn2O4 ST (O/T = 1.0)

MO-CuCe CuO/CeO2 (15%/85%) ST (O/T = 1.0)

MO-CuZn CuO/ZnO (50%/50%) CT (O/T = 0.3)

L-CuZnZr CuO/ZnO/ZrO2 (40%/30%/30%)c [25] Coprecipitation

L-CuCeAl CuO/CeO2/Al2O3 (50%/20%/30%) [35] Coprecipitation

a P: perovskite; S: spinel; MO: mixture of oxides; L: literature.
b 9.1 nm for CuO phase.
c Molar ratio.
d These phases are coincident with those detected in the original works.
soluble in the conditions employed to remove the template

after calcination. In these cases active carbon must be used

instead.

The goal of this work is to prepare high surface area ternary

oxides and mixtures of oxides, with special emphasis on

copper-based materials, following a nanocasting procedure in

which silica xerogel is employed as template. The catalytic

activity of the fabricated materials in the production of

hydrogen by methanol steam reforming is tested, and the results

are then compared to those obtained with catalysts of a similar

composition prepared by standard methods reported in the

literature.

2. Experimental

2.1. Catalyst preparation. Template technique

The synthesis of nanosized perovskites and spinels by the

silica template method has been recently reported [34]. The

method has been extended in this work to the preparation of

mixtures of oxides (CuO/CeO2). The procedure for preparing

xerogel and oxides is schematically presented here. The silica

source (sodium silicate, Aldrich) was added under stirring to an

aqueous solution of HCl. The molar composition of the

synthesis mixture was sodium silicate/HCl/H2O = 1/6/194. The

solution was stirred in a closed Teflon vessel for 20 h at ambient

temperature and subsequently heated to 100 8C for 2 days. The

gel was then filtered and washed several times with water and

acetone and finally dried at room temperature. To synthesize

the metal oxides, a solution of the hydrated metal nitrates in

the appropriate ratio was prepared in ethanol (0.4–0.6 M). The

silica xerogel was stirred with this solution at moderate

temperature (60 8C) until complete removal of the solvent. The

impregnated sample was dried at 80 8C overnight and calcined

in air at 5 8C/min up to the temperature required for the

formation of the oxide and then left for 4 h. The mixed oxides

were obtained after the dissolution of the silica framework in a

NaOH solution (2 M) and final washing with distilled water to

remove impurities. The catalysts prepared in this work are
template; CT: carbon template; O/T: inputted oxide/template weight ratio)

Tcalc (8C) Soaking

time (h)

Detected phases

(XRD)

D (nm)

(XRD)

SBET

(m2/g)

850 4 LaMnO3 13.5 32

700 4 LaFeO3 10.9 110

800 4 CuCr2O4 14.0 90

550 4 CuMn2O4 15.6 100

550 4 CuMn2O4 7.6 144

800 4 NiMn2O4 14.1 87

650 4 CeO2 5.6 153

350 4 CuO, ZnO 9.2 (ZnO)b 40

550 4 CuO, ZnO, ZrO2
d 12.6 64

500 3 CuOd 11.0 114
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summarized in Table 1, which also contains the experimental

conditions of the preparation.

Two different samples of CuMn2O4 were prepared by

modifying the nitrates-to-silica ratio in order to obtain materials

of a different particle size and surface area values. CuO/ZnO

(50 mol%/50 mol%) was prepared by nanocasting using a

mesoporous active carbon as template due to the solubility of

ZnO in NaOH.

Additionally, for the sake of comparison, two copper-based

catalysts [L-CuZnZr = CuO (40 mol%)/ZnO (30 mol%)/ZrO2

(30 mol%) and L-CuCeAl = CuO (40 wt.%)/CeO2 (20 wt.%)/

Al2O3 (40 wt.%)] prepared by standard coprecipitation and

reported to be highly active in SRM [25,35] were also prepared

by following the procedures reported by the authors [25,35] and

analyzed for the SRM reaction at the conditions used in this

work.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns for the oxide particles were

obtained on a Siemens D5000 instrument. The particle size was

determined by means of Scherrer’s equation. Nitrogen

adsorption isotherms were performed at 77 K on a Micro-

meritics ASAP 2010 volumetric adsorption system. The BET

surface area was deduced from the isotherm analysis in the

relative pressure range of 0.04–0.20. Transmission electron

microscopy (TEM) was performed in a Jeol Mod. 2000 EX II

microscope (200 kV). The Raman spectra were recorded with a

Horiva (LabRam HR UV) spectrometer.

2.3. Catalytic activity

Catalytic activity experiments were performed with 20 mg

of catalyst diluted in 200 mg of SiC particles (<75 mm) in an

electrically heated Vycor reactor (7.1 mm i.d.). The catalyst

was pre-treated in helium at 250 8C for 60 min (F = 200 cm3/

min). Afterwards the reaction was performed at 250 8C in a

mixture of 7.0 vol.% CH3OH, 7.7 vol.% H2O in He to balance

[F = 200 cm3/min, WHSV (methanol weight hourly space

velocity) = 52–57 h�1]. Methanol and water were injected into

the reactor via a syringe pump through a vaporizer. The

products (CH3OH, H2O, H2, CO and CO2) were analyzed on-

line by mass spectrometry (Omnistar 300O).

In order to compare the catalytic activity of different

catalysts a kinetic approach was adopted using a potential type

equation for the reaction rate:

rSRM ¼ k0Pa
CH3OHPb

H2OPg
H2

Pd
CO2

(1)

As the experiments were carried out under experimental con-

ditions in which water was in excess of methanol and total

conversion was relatively low (below 0.2), the effect of water

steam, carbon dioxide and hydrogen on the reaction rate can be

dismissed and so Eq. (1) can be rewritten as:

rSRM ¼ kPa
CH3OH (2)
Assuming plug flow in the integral reactor, the continuity

equation can be written as

rSRMðX;PCH3OH;PH2O;PH2
; TÞ ¼

F0
CH3OHdX

dwm

(3)

In this equation, F0
CH3OH is the inlet methanol flow (mol/s), dwm

the mass of the catalyst (g) in a differential element of the

system, dX represents the methanol conversion in the same

element, and rSRM is the reaction rate, expressed in moles of

methanol per gram per second, which, after a standard math-

ematical transformation, can be expressed as:

rSRM ¼
F0

CH3OH

wm

ð1� XÞa � ð1� XÞ
1� a

(4)

Finally, the selectivity towards CO2 formation during the

reaction can be evaluated by the following equation:

S ¼ PCO2

PCO2
þ PCO

(5)

3. Results and discussion

3.1. Catalyst preparation and characterization

The nanoparticulate materials prepared in this work are

summarized in Table 1. Spinels and perovskites are formed by

chemically pure phases as determined by XRD [34].

Structurally, the fabricated materials are made up of porous

agglomerates of particles of a size below 16 nm, as detected by

TEM inspection. These values are similar to those reported in

Table 1, and obtained by the application of Scherrer’s equation

to the XRD spectra, and also to the values derived from

geometrical relationships and SBET, thus confirming the

nanoparticle structure [34]. Fig. 1 illustrates the XRD patterns

of MO-CuZn and MO-CuCe. The CuO and ZnO phases are

present in the MO-CuZn catalyst, whereas the MO-CuCe

catalyst only exhibits the CeO2 phase, which is due to the lower

copper content (Cu/Ce molar ratio = 0.18) as a result of which

the particle size of the copper phase is smaller.

Additionally, the reference catalysts L-CuZnZr and L-

CuCeAl (Table 1) exhibit the XRD crystallographic phases

reported in the literature (CuO, ZnO and ZrO2 for L-CuZnZr

[25] and CuO for L-CuCeAl [35]) and particles of relatively

small sizes, although they are larger than those obtained by the

nanocasting procedure. The particle size and SBET values are

presented in Table 1.

In the case of CuMn2O4 catalysts, two materials (S-CuMn-a

and S-CuMn-b) were prepared by changing the amount of the

precursor in the impregnating solution (Table 1). It can be

observed that the higher the values of the O/T (oxides-to-

template) ratio, the larger the particles and consequently the

lower the values of the specific surface area. This is probably

due to a more complete filling of the pores during the

impregnation of the template, in the zone of the higher pore

sizes as the O/T ratio increases. This parameter can therefore be

used to tailor the final particle size of the oxides formed.
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Fig. 1. XRD patterns of the mixtures of oxides prepared by templated tech-

nique: (a) MO-CuZn; (b) MO-CuCe; (~) ZnO zincite; (*) CuO tenorite; (^)

CeO2 cerianite.
3.2. Catalytic activity and selectivity

The catalytic activity experiments were performed at 250 8C,

exerting a slight over-pressure of water steam with respect to the

methanol partial pressure. As stated in Section 2 the catalytic

activity is expressed in this work by the reaction rate indicated by

Eq. (1). Table 2 shows the values of the different coefficients of

Eq. (1) extracted from literature. Significant differences are

apparent between the values of the coefficients, even for catalysts
Table 2

Reaction order for the methanol steam reforming reaction

Catalyst Reference a b g d H2O/

CH3OH

CuO/ZnO/

Al2O3

[40] 0.60 0.40 – – 1.0

CuO/ZnO/

Al2O3

[41] 0.70 0.10 –0.20 – 1.2

Pd/ZnO [17] 0.72 0.09 – – 1.8

CuO/ZnO/

Al2O3

[42] 0.63 0.39 �0.23 �0.07 1.2–5.2

Cu/MnO/

Al2O3

[28] 0.28 – �0.99 1.0

Cu/ZnO/

Al2O3

[43] 170–260 8C 0.26 0.03 �0.20 – 1.0
of a similar composition (i.e. CuO/ZnO/Al2O3). For copper-

based catalysts, the methanol partial pressure exponent (a) shows

two main values: 0.6–0.7, when oxidized catalysts are involved,

and around 0.27 when reduced catalysts are employed. The water

steam partial pressure exponent (b) takes values below 0.4 while

that of hydrogen partial pressure (a) takes values between �0.2

and �1. As pointed out in Section 2, the effect of H2 partial

pressure can be neglected in the experimental conditions of this

work (low conversion values). To check whether the effect of

water steam on the reaction rate can be neglected or not, the

numerical resolution of Eqs. (1) and (3) (g = d = 0) was

performed with values of b between 0 and 0.4 for all the

experimental and literature conversion values considered in this

work. The results of this resolution show that the average relative

standard deviation with respect to the b = 0 reaction rate is quite

low (STD = 4.6� 7.3%) supporting the validity of the b = 0

assumption. This assumption favours the reaction rates obtained

with high conversion values (literature rates, STD = 7.5� 8.6%)

with respect to the rates for the catalysts developed in this work,

obtained at low conversion values (STD = 0.6� 0.6%). There-

fore, the reaction rate for SRM was evaluated by means of Eq. (4)

with the appropriate selection of the a value (0.65 or 0.27).

In Fig. 2, the values of the reaction rate calculated by Eq. (4)

and a = 0.65 are plotted versus time on stream for the different

catalysts. P-LaMn and P-LaFe (Table 1) are not included

because of their negligible reaction rates even at temperatures

as high as 350 8C.

Although the initial reaction rate is very high for the S-

CuMn-a, S-CuMn-b and MO-catalysts (see Table 3 for

comparison), a significant deactivation is clearly appreciated

during the SRM experiments. The effect of the specific surface

area on the reaction rate can be exemplified by S-CuMn-a and

S-CuMn-b. As expected, the catalyst with the higher surface

area and the smaller particle size (S-CuMn-b), exhibits a higher

reaction rate during the whole experiment than the other

catalyst, although the deactivation trends are similar.

The selectivity values for the SRM reaction as evaluated by

Eq. (5) are plotted in Fig. 3 for the different catalysts. A more or

less marked decrease during time on stream is observed for all
Fig. 2. Reaction rates in the methanol steam reforming process at 250 8C for

several nanoparticulate materials (T = 250 8C, a = 0.65, WHSV = 52–57 h�1).
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Table 3

Comparison between the reaction rate values (rSRM = mol/(s g)) of the methanol steam reforming reaction for selected catalysts

Catalyst [Reference] (denomination in original work) T (8C) TOS (h) WHSV (h�1) P0
CH3OH (Pa) rSRM (�105 mol/(s g))

a = 0.27 a = 0.65

Literature catalysts (noble metals)

Pd/ZnO [17] 250 n.i. 13.6 25800 6.83 5.30

Pd/ZnO [4] (16.7 wt.% Pd) 254 n.i. 7.7 36477 2.04 1.89

PtZn alloy [5] 280 n.i. 0.5 6282 0.26 0.19

Pd/ZnO [18] 250 30 31.4 6282 14.2 11.80

Literature catalysts (non-noble metals)

Cu/ZnO/Al2O3 [44] (CZA) 263 n.i. 20.5 5758 8.04 6.99

CuO/ZnO/ZrO2 [25] (CZZ-433 (550)) 250 45 24.4 15705 3.50 3.38

CuO/ZrO2 [23] 250 n.i. 7.9 50663 1.53 1.45

CuO/ZnO/Al2O3 [42] (BASF K3-110) 225 n.i. 5.4 43058 1.24 1.16

Cu/ZnO [45] (HP-Cu/ZnO/Al2O3) 250 25 3.9 19486 2.02 1.16

Cu/ZrO2/Al2O3 [46] (15 wt.% ZrO2) 250 >50 3.3 42298 1.35 1.16

Cu/Y2O3/CeO2/Cr/Al2O3 [47] (Cu15-Y2Ce10 + 2% CrAl) 250 8 11.7 38971 5.92 3.31

Cu/CeO2 [6] (3.8 wt.% Cu/CeO2) 240 24 2.6 40530 0.93 0.83

CuO/CeO2/ZrO2 [26] (CuO/CeO2/ZrO2 = 8/1/1) 225 5a 3.5 16702 1.89 1.31

CuO/CeO2 [20] (Cu/Ce = 0.15/0.85; urea/nitrates = 3.3) 240 n.i. 0.9 5066 0.24 0.23

Cu/MnO/Al2O3 [28] (p-5CM2) 250 n.i. 17 50663 5.53 1.66

Catalysts prepared in this work

MO-CuCe 250 1 54.4 7120 4.28 4.20

MO-CuCe 250 20 54.4 7120 1.40 1.39

MO-CuZn 250 1 56.6 7120 3.04 3.00

MO-CuZn 250 20 56.6 7120 0.79 0.79

MO-CuZn 250 30 56.6 7120 0.63 0.63

S-CuMn-a 250 1 56.6 7120 7.53 7.28

S-CuMn-a 250 20 56.6 7120 1.86 1.85

S-CuMn-a 250 40 56.6 7120 0.60 0.60

S-CuMn-b 250 1 51.6 7120 8.12 7.81

S-CuMn-b 250 20 51.6 7120 2.41 2.38

S-CuMn-b 250 25 51.6 7120 2.02 2.00

T: reaction temperature; TOS: time on stream; WHSV: methanol weight hourly space velocity; n.i.: not indicated.
a No deactivation was observed.
catalysts, signifying that catalyst deactivation exerts a more

negative effect on the SRM reaction (R1) than on the methanol

decomposition reaction (R2). Taking into account the total

duration of the experiments, the best selectivity values are

obtained for the copper–ceria catalysts (over 0.97) and for the

hopcalite catalysts (over 0.9), whereas MO-CuZn exhibits
Fig. 3. Selectivity to CO2 of the nanosized catalysts in the SRM reaction

(T = 250 8C, a = 0.65, WHSV = 52–57 h�1).
selectivity values over 0.8 for the whole experiment (25 h)

(Fig. 3). The lowest selectivity values are obtained for the

catalyst with one of the worst catalytic performances (S-CuCr).

In Table 3 the values of the reaction rate calculated by Eq. (4)

on the basis of literature data reported for a number of catalysts

are listed together with those of the catalysts prepared in this

work. Two values of a corresponding to the two ranges

observed in the literature were used in the calculations. The

table includes both noble metal-based catalysts and non-noble

metal-based catalysts. The reaction rate values presented in

Table 3 in most cases are hardly affected by the value of the a

coefficient, so that both sets of values lead to the same

conclusions. As can be seen, palladium-based catalysts present

the highest reaction rate values, even at the most stringent

conditions (WHSV = 31.4 h�1). The set of non-noble metal-

based catalysts presents a wide range of reaction rate values,

from 0.24 � 10�5 to 8.04 � 10�5 mol/(s g) (a = 0.65), the

highest values being comparable to those of Pd-based catalysts.

However, there is no clear correlation between activity and

composition for the non-noble metal (copper)-based catalysts.

The values of the initial reaction rate (1 h) for the

nanoparticulate catalysts prepared in this work are comparable

to the highest values reported for the literature catalysts, with a

maximum value of 8.12 � 10�5 mol/(s g) for S-CuMn-b.
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3.3. Catalyst deactivation

Deactivation during the methanol steam reforming process is

commonly attributed to a change in oxidation state, catalyst

sintering, coke deposition or poisoning of the catalyst by foreign

species in the feed (i.e. chloride, sulphur, etc.) [36]. Since purified

laboratory mixtures are used in the feed and deactivation rate

caused by a change in the oxidation state should be faster than the

rate shown in Fig. 3, sintering and coke deposition appear to be

the most probable causes of deactivation in this case. However,

copper catalysts are sometimes considered to be resistant to coke

deposition [36] and sintering seems improbable at the low

temperature used for reaction.

To determine whether catalyst deactivation was caused in

this work by of the specific reaction conditions under which the

experiments were performed (helium diluted methanol and

water streams at 250 8C), a selection of catalysts previously

reported as stable in the literature were prepared and tested at

the same experimental conditions as those used in this work.

Matter et al. [25], by using a CuO/ZnO/ZrO2 catalyst (L-

CuZnZr), showed that steady state was reached after 10 h in

stream (250 8C, 15 vol.% CH3OH, 19.4 vol.% H2O,

WHSV = 24.4 h�1), whereas for the Cu/CeO2/Al2O3 catalyst

(L-CuCeAl) designed by Zhang and Shi [35] the steady state

was attained at around 40 h (250 8C, 41.7 vol.% CH3OH,

41.7 vol.% H2O, WHSV = 3.3 h�1). Catalysts with the for-

mulations proposed by these groups were prepared in our lab

following the coprecipitation procedures described in their

works [25,35]. As suggested by Matter et al. [25], no catalyst

pre-reduction was carried out before the activity measurements

were performed under the conditions established in this work,

in order to achieve the stationary state in a shorter time. The

results of these activity experiments are plotted in Fig. 4,

together with those obtained for S-CuMn-a and MO-CuCe. It

can be seen that the catalysts considered previously as stable

undergo an even greater degree of deactivation than the

catalysts prepared in our work. It can be deduced, therefore,

that deactivation was probably not detected in the original
Fig. 4. Comparison of reaction rates for catalysts of proven stability and

nanoparticulate catalysts, tested under the experimental conditions used in this

work (T = 250 8C, a = 0.65, WHSV = 52–57 h�1).
works [25,35] because it was concealed by the experimental

conditions under which the catalysts were initially tested. This

would seem to rule out sintering as a cause of deactivation,

since the reaction temperature was similar in all cases, although

specific gas compositions might obviously catalyze or

decelerate sintering. On the other hand, the reaction rate for

coke deposition, which is probably a consequence of CO

disproportionation [37], must be affected by the partial

pressures of the reactants and also by the space velocity,

which is very high for the conditions used in this work.

The possible formation of coke deposits was checked by

means of Raman spectroscopy. Fig. 5 displays the Raman

spectra of catalysts L-CuZnZr and S-CuMn-a obtained before

and after the steam reforming process. For L-CuZnZr broad

bands centred at about 1370 and 1540 cm�1 appeared after 16 h

of reaction time, confirming the presence of coke deposits on

the surface of the catalyst [38,39], whereas only a broad band

centred at about 1520 cm�1 was evident for S-CuMn-a. Air

oxidation of the deactivated catalysts at 250 8C for long times

(over 40 h) produced a partial recovery of the initial catalytic

activity, although not to the original level. In this case, the

remaining deactivation must be attributed to either active phase

sintering or stabilized coke deposits that survived the air

oxidation treatment.

To promote the stability of the catalysts, new approaches are

currently under study, intrinsically linked with the predominant

cause of deactivation. Oxidative methanol steam reforming

(R4) could constitute the best solution, as the presence of

oxygen in the reforming gases would reduce or even suppress

coke formation, and at the same time improve the energy

balance at the expense of an acceptable loss of hydrogen.

Modifications to the experimental conditions are also being

considered as thermodynamic calculations show that a decrease

in coke formation can be attained by increasing the H2O/

CH3OH ratio (readily attainable) and by increasing the reaction

temperature, although this would favour the sintering of the

active phase and would be detrimental to an eventual

implementation of the process.
Fig. 5. Raman spectra of the L-CuZnZr and S-CuMn-a catalyst before and after

the steam reforming process (T = 250 8C, WHSV = 52–57 h�1).
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4. Conclusions

In this work nanoparticulate catalysts prepared by nanocast-

ing techniques were tested for hydrogen production by the

steam reforming of methanol. The catalysts which are made up

of nanoparticles of a size below 16 nm present pure active

phases. The improved surface area provided by this method

makes it possible to attain higher initial catalytic activities in

the SRM process at 250 8C (WHSV = 52–57 h�1) than by using

other catalysts reported in literature. Perovskite catalysts are

inactive in SRM, while CuMn2O4 and CuO/CeO2 have proven

to be the best formulations for this process, showing a catalytic

activity, in terms of reaction rate, similar to that of the best

catalysts found in literature, with selectivities towards CO2

formation above 90%. The deactivation undergone by the

catalysts seems to be related to the specific feed composition

and space velocity used in this work, and may be attributed to

coke formation and to a certain degree of active phase sintering.

Deactivation would also appear to be independent of the

method used to prepare the catalyst.
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[30] F. Schüth, Angew. Chem. Int. Ed. 42 (2003) 3604.

[31] A.B. Fuertes, J. Phys. Chem. Sol. 66 (2005) 741.

[32] M. Schwickardi, T. Johann, W. Schmidt, F. Schüth, Chem. Mater. 14
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