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Introduction 

The currently increasing interest in catalytic reactions of methanol, 

CH3OH, is – in addition to its customary role as an important base 

chemical and feedstock for value-added molecules – due to its po-

tential as a chemical storage molecule for hydrogen. Methanol is in-

dustrially produced from natural gas- or coal-derived syngas, but can 

in principle also be synthesized from CO2 by hydrogenation [1]. It is 

suggested by Olah et al. [2] as a “CO2-neutral” combustion fuel in 

the context of the so-called methanol economy or can be used in di-

rect methanol fuel cells (DMFC) for generation of electric power. 

Methanol might thus play a key role in the transition towards a fu-

ture energy scenario, which has to be more and more independent 

from fossil sources [3].  

The main advantage of using methanol for chemical instead of phys-

ical storage of hydrogen is related to its decentralized use of hydro-

gen, e.g. in the transportation sector. Methanol is a very attractive 

onboard hydrogen source for polymer electrolyte fuel cells 

(PEMFC) in mobile applications like automobiles as it circumvents 

the problems of physical storage and distribution of hydrogen such 

as the necessity of pressurized or cryogenic containers. Methanol is 

liquid at ambient conditions and can be safely distributed using pipe-

lines and conventional filling station infrastructure. It has a high H:C 

ratio of 4:1 and no C-C bond, which has to be broken.  

There are several catalytic reactions available for liberating hydro-

gen from methanol: 
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Methanol decomposition (MD): 

 CH3OH ! CO + 2 H2  ΔH0 = 90 kJ/mol (1) 

 

Methanol steam reforming (MSR): 

 CH3OH + H2O ! CO2 + 3 H2 ΔH0 = 49 kJ/mol (2) 

 

Partial oxidation of methanol (POM): 

 CH3OH + 0.5 O2 ! CO2 + 2 H2 ΔH0 = -155 kJ/mol (3) 

 

Furthermore, the water gas shift (WGS) and reverse WGS (rWGS) 

reactions have to be considered: 

 

 CO + H2O ! CO2 + H2  ΔH0 = -41 kJ/mol (4) 

 

Among these reactions, MSR seems to be most attractive as it gen-

erates the highest hydrogen concentration in the product stream, runs 

at relatively low temperatures of 500 – 600 K, and does not directly 

produce CO, which acts as a poison for the downstream PEMFC an-

ode catalyst. MSR was first described in 1921 by J. A. Christiansen 

[4] and research on its application for hydrogen production has a 

long history [5]. The recently renewed interest was triggered by the 

development of fuel cell technology requiring clean and preferably 

renewable hydrogen. A number of general overview articles and re-

views are available addressing the role of MSR in this context [e.g. 
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5-11]. MSR is an endothermic reaction and requires external heat-

ing. It is sometimes used in combination with exothermic POM (au-

tothermal reforming or oxidative steam reforming) [12,13] or com-

bustion of methanol [8] in order to generate the necessary heat. 

However, the endothermicity of MSR is much weaker compared to 

steam reforming of other hydrocarbons or higher alcohols [8] and re-

former units can be relatively small enabling the onboard combina-

tion with PEMFCs. Several prototype vehicles that run on hydrogen 

fuel cell technology have already been developed by different com-

panies. A comparison between methanol and other molecules as re-

actants for onboard hydrogen production can be found in the com-

prehensive review by Palo et al. and in the references therein [11].  

This chapter will focus mainly on the challenges of catalyst devel-

opment for MSR. The requirements for a good MSR catalyst to be 

used for onboard hydrogen production in combination with PEMFCs 

are the following: 

 

• The catalyst should be highly selective to CO2 and minimize 

the CO content in the hydrogen-rich product gas stream, 

which acts as a poison for PEMFC anodes. 

• It should be active at low temperatures to be efficient and to 

disfavor the rWGS reaction as a source of CO. 

• Its components should be abundant and of low cost and its 

preparation should be facile and scalable. 



5 

• It should be stable at extended time on stream, i.e. resistant 

to coke formation, stable against sintering and tolerant to-

wards catalyst poisons. 

• In particular, it should be stable towards abrupt changes of 

the conditions of reforming, i.e. work reliably in transient 

situations like on-off operations as well as in steady state to 

produce sufficient amounts of hydrogen on demand. 

 

The detrimental role of CO in the effluent for the downstream 

PEMFC is to be emphasized. CO chemisorbs irreversibly on the typ-

ically Pt-based fuel cell catalysts and causes irreversible site block-

ing. Its concentration has to be below ca. 20 ppm in order to prevent 

poisoning, which is usually not achieved in the reformer outlet gas. 

Thus, in technical applications, a gas purification step has to be in-

troduced between reformer and fuel cell. The CO concentration in 

the gas stream can lowered by means of preferential oxidation 

(PROX) or using Pd membranes, which in both cases complicates 

the setup and generates costs [14]. Generally, a low selectivity to CO 

– in addition to high activity and stability – is, thus, a major and par-

ticular requirement for a successful MSR catalyst.  

This chapter is divided into two parts treating different families of 

catalytic materials active in the MSR reaction. The first part covers 

the widely studied Cu-based catalysts, while the second part will fo-

cus on the role of intermetallic compounds in MSR. Some catalytic 
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data from the literature for the MSR reaction over selected catalysts 

treated in this chapter is compiled in Table 1.  

Tab. 1: Comparison of catalytic performance in (oxidative) MSR of selected catalyst systems 
covered in this contribution. Note possible difference in feed gas composition and contact time 
of the experiments. Some values were re-calculated from the data given in the original refer-
ences. 

Catalyst Pre-
treatmenta 

Conver-
sion / % 

COx for-
mation / 
% 

H2 produc-
tion rate / 
Lg-1h-1 

T / K Remarksb Ref. 

43.8% Cu/ZnO C623 
R523 

90 0.14c - 582 (Co-ppt.) [15] 

39.4% 
Cu/ZnO/Al2O3 

C623 
R573 

90 0.11c - 579 (Co-ppt.) [15] 

32.3% 
Cu/ZnO/ZrO2 

C623 
R573 

90 0.05c - 567 (Co-ppt.) [15] 

30.9% 
Cu/ZnO/Al2O3/ZrO2 

C623 
R573 

90 0.05c - 551 (Co-ppt.) [15] 

Cu/ZnO/Al2O3 C723 
R723 

90 <0.05c 38.4 673 18 mol% 
Cu in LDH 
(Co-ppt.), 
oMSR 

[16] 

61.7% 
Cu/ZnO/Al2O3 

R523 84.4 0.11c 1.4 523 (commer-
cial) 

[17] 

32.3% 
Cu/ZnO/ZrO2 

C723 
R573 

71.7 0.22c 8.7 503 (Co-ppt.), 
oMSR 

[18] 

35.5% 
Cu/ZnO/CeO2 

C723 
R523 

66.8 0.23c 8.2 503 (Co-ppt.), 
oMSR 

[18] 

8.5% Cu/ZrO2 C773 
R523 

92 0.2c - 523 (Templ. 
method) 

[19] 

16% Cu/ZrO2 C673 
R523 

57 0.02c - 523 (ME 
method) 

[20] 

3.9% Cu/CeO2 C723 
R673 

90.7 2.3d 10.9 533 (Co-ppt.) [21] 

3.9% Cu/ZnO C723 
R673 

66.8 0.9d 8.0 533 (Co-ppt). [21] 

3.9% Cu/Al2O3 C723 
R673 

21.5 0.4d 2.6 533 (Co-ppt.) [21] 

QC-Al63Cu25Fe12
f R523 - - 14.1 573 L:NaOH 

 
[22] 

CuAl2  - - 3.81 513 L:NaOH/ [23] 
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Na2CrO4 
Ni3Al R523 10 6e 56g 793  [24] 
A-(Cu50Zr50)90Au10

f C550 
R573 

80 100e 14.0 523  [25] 

10% Pd/SiO2 C773 
R773 

15.7 0e 2.82 493  [26] 

10% Pd/Al2O3 C773 
R773 

67.4 0e 12.14 493  [26] 

10% Pd/ZnO C773 
R773 

55 99.8e 9.80 493  [26] 

10% Pt/SiO2 C773 
R773 

25.6 0.3e 4.61h 493h  [27] 

10% Pt/ZnO C773 
R773 

27.6 95.4e 4.96 493  [26] 

2% Pt-Zn/C R873 100 83e 1.12 553 Zn/Pt = 5.0 [27] 
2% Pt/C R873 76 48e 0.84 553  [27] 
10% Pt/In2O3 C773 

R773 

30.6 98.3e 5.51 493  [28] 

10% Pt/Ga2O3 C773 
R773 

5.4 75.5e 0.97 493  [28] 

10% Pd/Ga2O3 C773 
R773 

21.2 94.6e 3.82 493  [26] 

10% Pd/In2O3 C773 
R773 

28.3 95.5e 5.10 493  [26] 

15% Pd-In/Al2O3 C673 91 98.7e 68.25 698 In/Pd = 2 [29] 
8.9% Pd-Zn/Al2O3 C623 

R673 

46.5 99.4e 4.1 493 Zn/Pd = 
2.6 

[30] 

8.6% Pd/ZnO C623 
R673 

14.3 99.2e 1.6 493  [30] 

10% Ni/ZnO C773 
R773 

15.7 4.7e 2.83h 493h  [27] 

10% Ni/SiO2 C773 
R773 

7.3 1.1e 1.31c 493c  [27] 

10% Co/ZnO C773 
R773 

20.3 8.9e 3.65h 493h  [27] 

Pd black R513 7i 2e 13.3 533  [31] 
ZnPd R513 7i 100e 2.6 533  [31] 
PtZn R513 7i 50e 2.6 533  [31] 
PdCd R513 7i 100e 2.6 533  [31] 
NiZn R513 7i 15e 2.6 533  [31] 
a calcination (C) and reduction (R) temperatures in K 
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b Methods of preparation (Co-ppt. = co-precipitation, templ. method = template method, ME 
method = microemulsion method, LDH = layered double hydroxide, L = leaching agent), oMSR 
= oxidative MSR 
c given as CO concentration in the product gas 
d given as selectivity towards CO 
e given as selectivity towards CO2 
f QC:quasicrystalline, A: amorphous 
g in Lh-1m-2 

h derived from comparison to data from [26] 
i 7% to 10% given 

 

Cu-based Catalysts for Methanol Steam reform-
ing 

Cu-based catalysts are widely used in C1 chemistry. This is mostly 

due to the commercial interest in the most common industrial meth-

anol synthesis catalyst, a complex Cu/ZnO/Al2O3 bulk catalyst, 

which is also active in MSR and fulfills many of the requirements 

mentioned above, such as high activity at low temperature, relatively 

low CO levels, and feasible and scalable – though complex – prepa-

ration at moderate costs. Commercial ternary Cu/ZnO/Al2O3 cata-

lysts or the unpromoted binary Cu/ZnO model system were thus 

employed in many studies of MSR and this material will be dis-

cussed in detail below. While preparation and composition of the in-

dustrial catalyst Cu/ZnO/Al2O3 can be regarded as already highly 

optimized for application under methanol synthesis conditions, mod-

ifications of the Cu/ZnO/X system turned out to improve the proper-

ties of Cu-based catalysts for use in MSR. In particular, choosing 

another second oxide phase X or employing new catalyst precursors 

like layered double hydroxides, or even changing to ZnO-free sam-

ples and using zirconia or ceria for preparation of Cu-based catalysts 
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was reported to lead to interesting MSR performance. The state of 

the active Cu surface under reaction conditions and the nature of the 

active sites are still debated in literature and will be discussed in this 

section.  

Several studies are available addressing the mechanism and kinetics 

of the MSR reaction over Cu based catalysts [32-38]. There seems to 

be agreement nowadays that CO2 is a direct product of the MSR re-

action and not of a sequence of MD and WGS reactions. The main 

source of CO is the rWGS reaction taking place as a secondary reac-

tion after MSR. Frank et al. [38] presented a comprehensive micro-

kinetic analysis of the MSR reaction based on the work of Peppley 

et al. [34]. They investigated several Cu-based catalysts with various 

oxide components showing considerably different activities. Similar 

activation energies support the idea that the surface chemistry is in-

dependent of the oxide material (with the exception of 

Cu/Cr2O3/Fe2O3, which behaved differently). Dehydrogenation of 

methoxy groups is the rate limiting step and by means of DRIFTS 

experiments methoxy and formate species were found as the domi-

nating species at the surface. Two distinct kinds of active sites were 

considered, SA for the adsorption and desorption of oxygenates and 

SB for hydrogen (Fig. 1) and two reaction pathways of the methoxy 

intermediate are discussed via dioxomethylene, the intermediate of 

the reverse methanol synthesis reaction, or methyl formate. On basis 

of the kinetic data it was not possible to decide which route was 

dominant.  
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Fig. 1: Catalysis cycle for MSR over Cu-based catalysts based on the work in refs [32-34] in-
cluding two different kinds of reactive sites SA and SB. Reprinted from ref [38] with permission 
from Elsevier. 

General aspects of Cu/ZnO-based catalysts 
Commercial Cu/ZnO/Al2O3 methanol synthesis catalysts are often 

mistaken as supported systems, but neither ZnO nor Al2O3 represent 

classical extended oxidic supports. This is obvious, when consider-

ing the typical composition of modern Cu/ZnO/(Al2O3) catalysts, 

which is characterized by a molar Cu:Zn ratio close to 70:30, while 

the amount of Al2O3 typically is significantly lower than that of 

ZnO. This Cu-rich composition manifests itself in a peculiar micro-

structure of the industrial Cu/ZnO/Al2O3 catalyst (Fig. 2) [39], 

which is composed of spherical Cu nanoparticles of a size < 10 nm 

and often even smaller ZnO nanoparticles arranged in an alternating 

fashion. Thus, porous aggregates are formed (Fig. 2d) in which the 

oxide particles act as spacers between Cu particles (Fig. 2e). The 
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presence of inter-particle pores as seen in the HRTEM image allows 

some access to the “inner surface” of larger Cu/ZnO aggregates. 

This unique microstructure, represented in Figure 2b, can be de-

scribed as an intermediate stage between a supported catalyst, sche-

matically drawn in Figure 2a, and a bulk metallic sponge or skeletal 

Raney-type catalyst, represented in Figure 2c.  

 

Fig. 2: Schemes of different catalyst microstructures (a-c) and transmission electron micrographs 
of a Cu/ZnO/(Al2O3) catalyst (d-e). In the high resolution image (f) planar defects of the Cu-
nanoparticles like twin boundaries (black arrow) and stacking faults (white arrow) can be seen. 

It is this unique microstructure, which enables a reasonably high 

dispersion of Cu and exposure of many Cu-ZnO interfaces at a high 

total Cu content. The specific Cu surface area (SACu) of methanol 

catalysts can be determined by reactive N2O titration [40], which 

causes surface oxidation of the Cu particles and allows estimation of 
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SACu from the amount of evolved N2, as N2O is decomposed at the 

metallic Cu surface, or from the H2 consumption upon re-reduction. 

Assuming formation of an oxygen monolayer, a surface stochiome-

try corresponding to Cu2O and an abundance of 1.47 × 1019 oxygen 

atoms/m2, SACu can be calculated in m2g-1. This method has to be 

applied carefully, as for instance too high temperatures may cause a 

significant extent of bulk oxidation, which leads to an overestima-

tion of SACu [41,42]. Also reaction of oxygen vacancies of the oxide 

components with N2O or modified reactivity of a defective Cu sur-

face towards N2O may be a source of error. SACu of the state-of-the-

art methanol synthesis catalyst measured by this method amounts to 

25-35 m2g-1. If reliable data of the average Cu particle size are avail-

able, e.g. by sufficient TEM observations [39], the degree of oxide 

coverage of the Cu particles, i.e. the average ratio of interface to sur-

face area, can be calculated. For industrial Cu/ZnO/Al2O3 catalysts, 

this value is around 35% [43]. The high MSR activity of this type of 

Cu/ZnO/(Al2O3) catalysts at relatively low temperatures can most 

likely be explained with the large SACu due to this favorable micro-

structure and to the proper balance of Cu dispersion and loading.  

Clearly, one role of ZnO is to act as spacer and stabilizer avoiding 

direct contact of the Cu particles and preventing them from sintering 

[44]. In addition to this geometrical function, a so-called Cu-ZnO 

synergy is described in literature for the methanol synthesis reaction 

[45]. The nature of this synergy is debated and several models have 

been proposed. Strong metal-oxide-interactions (SMSI) between Cu 

and ZnO were observed at highly reducing conditions [46] and it 



13 

was suggested that partially reduced ZnOx migrates onto the surface 

of the Cu particles under methanol synthesis conditions [47]. On a 

supported Cu/ZnO model catalyst, reversible wetting/de-wetting was 

observed as the reduction potential of the gas phase was varied [48] 

which was not detected on Cu/SiO2. While the role of surface deco-

ration or morphology change for high performance catalysts under 

industrial methanol synthesis conditions is still unclear, a correlation 

of the concentration of planar defects in the Cu particles with the 

catalytic activity in methanol synthesis was observed in a series of 

industrial Cu/ZnO/Al2O3 catalysts by Kasatkin et al. [39]. Planar de-

fects like stacking faults and twin boundaries can also be observed 

by HRTEM and are marked with arrows in Figure 2f. The origin of 

strain and defects is thought to be the interface of the Cu particles 

with the ZnO phase. 

It is generally agreed that the role of ZnO in Cu-based methanol syn-

thesis catalysts exceeds the function of a mere physical stabilizer 

and ZnO is a crucial component in high performance methanol syn-

thesis catalysts. In light of the fact, that highly active Cu-based MSR 

catalysts can also be prepared in absence of ZnO (e.g. as Cu/ZrO2, 

see below), this type of Cu-ZnO synergy does not seem to be an as 

critical factor in case of MSR compared to methanol synthesis or it 

is not as strictly limited to ZnO.  

On the other hand, there are many similarities of methanol synthesis 

and MSR [35]. This is often accounted for by the concept of micro-

scopic reversibility, as MSR formally is the reverse reaction of 

methanol synthesis. It has to be considered, however, that the differ-
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ent reactant gas mixtures used for MSR and methanol synthesis will 

affect the surface state of the catalyst, which consequently will be 

different under highly reducing methanol synthesis conditions com-

pared to the much less reducing MSR feed. Thus, unlike forward and 

backward reactions at equilibrium, methanol synthesis and MSR 

probably take place over practically different catalytic surfaces. This 

general limit of the application of the concept of microscopic revers-

ibility has been pointed out by Spencer for WGS and rWGS [49] and 

is valid accordingly also for methanol synthesis and MSR [50]. One 

may conclude that an optimized methanol synthesis catalyst, for 

which the fine tuning of preparation and operation conditions is far 

more advanced, will also be active in MSR due to its generally large 

SACu and represents a powerful reference system, but it does not 

necessarily represent the optimal catalyst for this reaction [50]. Find-

ing Cu/ZnO/X systems with a composition and microstructure opti-

mized for the MSR reaction is thus the major current challenge in 

development of a MSR catalyst for energy applications.  

Drawbacks of Cu/ZnO-based catalysts 
The unique microstructure of modern Cu/ZnO/(Al2O3) methanol 

synthesis catalysts described above is responsible for many ad-

vantages of Cu-based catalysts and their application in MSR, such as 

high SACu. However, a major drawback of Cu-based catalysts is 

their lack in long-term stability.  

A loss of 30-40% of the initial MSR activity was observed by Frank 

et al. [38] for a selection of Cu-based catalysts in combination with 
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different oxide components (Fig 3d). Deactivation proceeds fast dur-

ing the first 100 hours on stream and tends to level off afterwards. 

Deactivation of Cu/ZnO/Al2O3 catalysts in MSR has been reviewed 

by Twigg and Spencer [50]. A major aspect is the loss of SACu due 

to Cu particle sintering. The melting point of elemental Cu is rela-

tively low at TM = 1336 K resulting in low Tamann and Hüttig tem-

peratures of 0.5 TM and 0.3 TM, respectively. The former refers to 

the approximated onset temperature of atom mobility leading to 

thermal sintering, while the latter is estimated to be the onset tem-

perature of defect annealing. Compared to other metals, Cu is gener-

ally quite sensitive to sintering [51] and, as a rule of thumb, Cu-

based catalysts should not be operated above ca. 600 K after activa-

tion. For the same reason, also the pre-treatment conditions of the 

catalysts have to be selected with care. Especially the exothermic re-

duction step during catalyst activation is crucial, as the heat of re-

duction may cause high local temperatures, thermal sintering and a 

loss of SACu. In spent Cu-rich commercial methanol synthesis cata-

lysts intermediate stages of sintering by coalescence can be identi-

fied by HRTEM (Fig. 3a,b) [52]. Interestingly, the formation of five-

fold cyclic twins originating from the contact area of two Cu parti-

cles is observed in these images. The evolution of the Cu particle 

size distributions (Fig. 3c), determined by evaluation of TEM mi-

crographs of several thousand Cu particles, shows a clear widening 

and shift of the particle size distribution to larger particle diameters.  
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Fig. 3: HRTEM images of Cu/ZnO/Al2O3 catalyst used in methanol synthesis (a,b); evolution of 
the particle size distribution during reaction (c); and loss in methanol conversion with time on 
stream for different Cu-based catalysts during MSR at 493 K, 1 bar, MeOH:H2O = 1:1 (d, CZA: 
0.5g Cu/ZnO/Al2O3, CS: 2.0g Cu/SiO2, CZC: 1.0g Cu/ZrO2/CeO2, CCF: 2.5g Cu/Cr2O3/Fe2O3, 
Reprinted from ref [38] with permission from Elsevier) 

Rapid deactivation is not only caused by external heat input during 

reaction alone, also the operating atmosphere of the catalyst has to 

be considered. In methanol synthesis, which is operated at a similar 

temperature like MSR, modern Cu/ZnO/Al2O3 catalysts can deliver 

stable performance over years on stream. The same catalyst may 

tend to deactivate more rapidly under MSR conditions suggesting a 

critical role of the gas phase composition, most probably of water in 
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the feed, on the sintering behavior. Löffler et al. [53] investigated 

the stability of several commercial WGS catalysts in the MSR reac-

tion and fitted their data using a sintering model. Cu/ZnO/Al2O3 

formulations were found to be most active compared to other cata-

lyst compositions, but were also most prone to deactivation by sin-

tering. In their analysis of catalyst deactivation of a commercial 

Cu/ZnO/Al2O3 catalyst during MSR, Thurgood et al. [54] revealed 

that in addition to the loss of surface area, also the site concentration 

at the catalyst’s surface declined with time on stream.  

The sensitivity of a given Cu/ZnO/X catalyst towards sintering un-

der MSR conditions is determined by three main aspects: Composi-

tion (Cu:Zn ratio), nature of promoting oxide X, and catalyst micro-

structure. Obviously, a high Cu:Zn ratio will lower the distance 

between neighboring Cu particles and favor formation of direct con-

tacts leading to sintering by particle coalescence. Lowering the Cu 

loading increases the stabilizer-to-metal ratio, and is thus expected 

to contribute to the stabilization of Cu particles. It is, however, usu-

ally not desired to significantly decrease the amount of active metal 

in a Cu/ZnO catalyst. In particular, it is noted that for preparation of 

the porous Cu-ZnO arrangement (Fig. 2) the Cu:Zn ratio is a crucial 

parameter, which has a clear optimum depending on the solid state 

chemistry of the hydroxycarbonate precursor phase and cannot be 

varied freely without sacrificing SACu and, thus, activity (see be-

low).  

It seems much more promising to try to stabilize a Cu/ZnO catalyst 

at a given (optimized) Cu:Zn ratio by adding a second oxidic species 
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X and thus modify the Cu-ZnO interactions. In case of the methanol 

synthesis catalyst, these interactions seem to be significantly 

strengthened by addition of small amounts of Al2O3 [50]. Ternary 

Cu/ZnO/Al2O3 catalysts are significantly more stable towards ther-

mal sintering and consequently show a considerably longer lifetime 

in methanol synthesis than binary Cu/ZnO systems. In MSR also the 

hydrothermal stability of the oxide phase and its contact to the Cu 

particles has to be considered. Looking at Figure 2e it is obvious that 

not only thermal sintering induced by mobility of Cu, but also seg-

regation or re-crystallization of the ZnO component (e.g induced by 

steam) will have the same detrimental effect on the porous Cu/ZnO 

arrangement and cause a loss of SACu. Other ZnO/X combinations 

than ZnO/Al2O3, especially ZnO/ZrO2 (see below) are promising 

candidates for preparation of improved Cu-based MSR catalysts.  

The third important consideration concerns the microstructure of the 

catalyst and is closely related to the Cu:Zn ratio and to the stabiliz-

ing interactions between Cu metal and the oxide. Modern 

Cu/ZnO/Al2O3 catalysts exhibit a unique and apparently fragile mi-

crostructure. The nano-scaled arrangement of metallic Cu and oxidic 

spacer particles seen in Figure 2 is metastable and an irreversible 

gradual breakdown of the porous aggregates can be expected if the 

sample is submitted to thermal stress as the system lowers its free 

surface energy. Highly active Cu/ZnO/Al2O3 is pyrophoric and may 

even deactivate upon contact to air as the heat of oxidation of the 

highly reactive Cu nanoparticles is sufficient to cause sintering. A 

microstructure exhibiting larger and more stable Cu-ZnO interfaces 
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may thus be desirable in order to stabilize the Cu particles. It is not-

ed that the catalyst’s microstructure heavily depends on its prepara-

tion history [17]. For example, at a given industrially relevant com-

position (Cu:Zn:Al = 60:25:15) the interface-to-surface ratio can be 

significantly increased to 50% for a Cu/ZnO/Al2O3 catalyst, if the 

precursor preparation is modified by going from a batch process in-

cluding precipitate ageing to a continuous process suppressing the 

ageing period [43]. In this example, the Cu particles have a similar 

size like in a conventional Cu/ZnO/Al2O3 catalyst, but are more 

deeply embedded into an amorphous oxide matrix and modified Cu-

oxide interactions can be expected (Fig. 4). Generally, a low value 

of the interface-to-surface ratio of the Cu particles enables a large 

SACu, while a larger value leads to stronger embedment and different 

wetting behavior which may increase the stability of the catalyst to-

wards thermal sintering. An intermediate value may represent a kind 

of compromise between both effects. 
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Fig. 4: Scheme and TEM micrographs of the microstructure of differently prepared 
Cu/ZnO/Al2O3 catalyst with the same composition and similar Cu particle sizes; adopted from 
ref [43]. 

Other sources of catalyst deactivation are catalyst poisons like sulfur 

or chlorine [50]. These contaminations do typically not originate 

from the methanol feed, but may be present in steam or air used for 

MSR or oxidative MSR. Sulfur acts as a site blocking poison for Cu 

and chlorine promotes sintering by formation of low-melting and 

mobile Cu and Zn chlorides. Agarwal et al. [55]. reported coke for-

mation as another source of deactivation of Cu/ZnO/Al2O3 catalysts 

in MSR.  

The other major problem of Cu-based MSR catalysts is the for-

mation of still too much CO during MSR, typically in the low %-
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range. Agrell et al. [56] reported that the problem of CO formation 

over Cu/ZnO/Al2O3 catalysts can be attenuated by increasing the 

steam-to-methanol ratio or by the addition of oxygen or air (oxida-

tive MSR). CO is formed at high methanol conversions most likely 

by the rWGS reaction consecutively to MSR as a secondary product. 

Decreasing the contact time leads to lower CO selectivity. Lowering 

the reaction temperature is also helpful as it disfavors the rWGS 

equilibrium. Thus, probably the best way to make a Cu-based MSR 

catalyst less selective to CO would be to make it more active at low-

er temperatures.  

Preparation of Cu/ZnO-based catalysts 
The most studied member of the Cu/ZnO catalysts family for C1 

chemistry is the commercial methanol synthesis catalyst, which can 

be seen as a reference system for Cu-based MSR catalysts (see 

above). It is prepared by co-precipitation, which is by far the most 

important method for synthesis of Cu/ZnO-based catalysts.  

The industrially applied preparation of the low-temperature metha-

nol synthesis catalyst was introduced by ICI company in 1966 and 

comprises co-precipitation and ageing of a mixed Cu,Zn,(Al) hy-

droxy-carbonate precursor material, thermal decomposition yielding 

an intimate mixture of the oxides and finally activation of the cata-

lyst by reduction of the Cu component [57]. The synthesis parame-

ters have been studied in many academic and industrial groups and a 

high degree of optimization could be achieved over the last decades 

by mostly empirical fine-tuning of the conditions. The delicate na-
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noparticulate and porous microstructure of the industrial methanol 

synthesis catalyst (see above) can only be obtained if the optimized 

parameters are strictly obeyed during synthesis. Especially the syn-

thesis conditions during the early co-precipitation and ageing steps 

turned out to be crucial for the catalytic properties of the resulting 

methanol synthesis catalyst. This phenomenon, sometimes termed 

the “chemical memory” of the Cu/ZnO system [58], indicates the 

critical role of the preparation history of this catalyst system 

[17,59,60]. As was already mentioned above and is obvious form 

Figure 2, the microstructural arrangement of Cu and ZnO in the final 

catalyst is metastable and tends to lower its free energy by sintering 

and segregation into macroscopic crystallites. Considering that the 

desired composite product is thus only kinetically stabilized and 

does not represent a deep minimum in the free energy landscape, it 

is not surprising that the precursor, i.e. the starting point of our path 

through the energy landscape during preparation, is of decisive im-

portance for the exact position of our end point at which we wish to 

kinetically trap the system to obtain the arrangement like seen in 

Figure 2. Baltes et al. [59] elaborated a quantitative basis of the 

chemical memory in a systematic study and reported dramatic dif-

ference in SACu of Cu/ZnO/Al2O3 catalysts of the same composition 

as pH or temperature of the co-precipitation step was varied. If self-

made Cu/ZnO catalysts are employed as reference systems for MSR 

studies, it is thus very important to carefully prepare the catalyst as it 

is much easier to synthesize a poor Cu/ZnO catalyst than a good one, 
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which could act as a conclusive reference for comparison with novel 

materials. 

Preferred Cu:Zn ratios for ternary Cu,Zn,Al and binary Cu,Zn cata-

lysts are near 70:30 [61] or 2:1 [62]. It was reported that the best 

catalysts can be obtained by constant pH co-precipitation with 

Na2CO3 solution at pH 6 or 7 and at elevated temperatures around 

333 – 343 K [59,63]. Ageing of the initial precipitate is crucial 

[62,64,65] and takes from around 30 min to several hours. Calcina-

tion is typically performed at relatively mild temperatures around 

600 – 700 K. No doubt, this multi-step preparation of Cu/ZnO cata-

lysts is complex, but some progress in understanding the chemical 

memory has been made recently and helps to rationalize the benefit 

of exactly this setting of parameters.  

It is clear that the target microstructure shown in Figure 2 requires a 

homogeneous and maximized intermixing of the Cu and Zn species 

in order to stabilize the alternating arrangement of small Cu and 

ZnO nanoparticles. Thus, the main goal of the preparation is to carry 

over and maintain the perfectly homogeneous cation distribution in 

the mixed solution to a maximum extent via the precipitate to the fi-

nal catalyst. The first step in this process is the solidification of the 

dissolved Cu and Zn cations by precipitation by elevation of pH. 

Precipitation titration is an elegant way to study the cation hydroly-

sis of Cu2+ and Zn2+ under conditions relevant for catalyst prepara-

tion [66]. Such experimental results are shown in Figure 5a-c.  
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Fig. 5: Precipitation titration curves relevant for the co-precipitation of Cu/ZnO/Al2O3 catalyst 
precursors at 338 K using aq. Na2CO3 as precipitation agent (a-c, adopted from ref. [66]); prepa-
ration log of corresponding constant pH co-precipitation, adopted from ref. [67] (d). 

It can be seen in Figure 5a that the hydrolysis of the pure Cu2+ solu-

tion is characterized by an underlying neutralization of the acidic 

starting solution with the basic precipitating agent. The S-shaped 

neutralization curve is interrupted by a precipitation plateau near pH 

3, where Cu2+ forms a precipitate. If we now look at the Zn2+ solu-

tion (Fig. 5b), a qualitatively similar picture emerges, but with the 

important difference that the Zn-precipitate is formed at pH 5 in-

stead for pH 3. Such differences in hydrolysis behavior are of course 

not uncommon and are the basis for the traditional wet chemical ion 

separation techniques used for qualitative cation analysis. What is 

important, however, is that the precipitation titration curve of the bi-

nary system (Fig. 5c) is directly composed of those of the single sys-
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tems. This fact indicates that there is no formation of a mixed binary 

precipitate under these conditions, but that Cu2+ is first completely 

precipitated at pH 3, which can be also seen from the vanishing of 

the blue color from the mother solution at pH 4, while Zn2+ is pre-

cipitated “on top” later at pH 5. Clearly, such increasing pH process-

es cannot yield a well intermixed precipitate. The solution to this 

problem is the application of the constant pH co-precipitation tech-

nique [68,69], meaning that the acidic metal solution and the pre-

cipitating agent are dosed simultaneously in a way that the average 

pH in the reaction vessel is maintained more or less constant. Using 

this mode of precipitation, it is possible to precipitate Cu and Zn 

very close in space and time as the curves shown in Figure 5 are 

passed through not for the whole batch at once, but for every single 

droplet that hits the receiver solution. Thus, the cation distribution in 

the precipitate obtained by constant pH co-precipitation is much 

more homogeneous [66].  

Also the suitable pH for the precursor preparation can be deduced 

from the titration curves shown in Figure 5. It should not be lower 

than pH 5 to guarantee complete precipitation of Zn2+ (and Al3+), 

which otherwise would remain at least partially in solution. On the 

other hand, the pH should stay below pH 9, because in a very basic 

solution de-mixing of the Cu,Zn precipitate by oxolation of basic 

copper precipitates into stable tenorite, CuO, occurs [66]. This oxo-

lation can be seen as a dip in the titration curves at high pH. Indeed, 

CuZn(Al) precursors are typically co-precipitated at neutral or even 

slightly acidic pH [59,62,63]. It is noted that the position of the pre-
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cipitation plateaus are also a function of temperature [66]. An in-

crease in temperature of co-precipitation leads to a shift of the titra-

tion curves to lower pH values confirming that the proper selection 

of pH and temperature is crucial to guarantee the rapid and complete 

solidification of all components. Thus, pH 6–7 can only be regarded 

as optimal within a certain temperature window of 333–343 K 

[59,66]. 

The initial Cu,Zn precipitate obtained by constant pH co-

precipitation undergoes important changes during stirring in the 

mother liquor. This ageing process is associated with crystallization, 

a change in color from blue to bluish green and a change in particle 

size and morphology (Fig. 6d) [67]. Ageing critically affects the mi-

cro-structural as well as the catalytic properties of the resulting 

Cu/ZnO catalyst [70]. These changes occur rather step-like than 

gradually and are accompanied by a transient minimum in pH. The 

phase composition of the ageing product is mostly determined by the 

Cu:Zn ratio [60,72], but also by the mode of precipitation [72], and 

the speed of addition of the precipitating agent [73]. Typical phases 

obtained when going from Cu-rich to Zn-rich compositions are mal-

achite Cu2(OH)2CO3, zincian malachite (Cu,Zn)2(OH)2CO3 (some-

times called rosasite, see ref. [74]), aurichalcite 

(Cu,Zn)5(OH)6(CO3)2, hydrozincite Zn5(OH)6(CO3)2 and mixtures 

thereof. In ternary Cu,Zn,Al systems, also small amounts of layered 

double hydroxides may be observed. This precursor phase is covered 

in detail in the next section. Due to the homogeneity ranges of the 

mixed phases, a comprehensive characterization of the precursor is 
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difficult. Zincian malachite was suggested to be the relevant precur-

sor phase for industrial catalysts [62], which is also confirmed by the 

industrially applied Cu-rich composition near Cu:Zn = 70:30, falling 

into the regime in which zincian malachite is the main product.  

This view could be recently confirmed by a positive correlation of 

the Zn-content in zincian malachite and the SACu of the resulting 

catalyst [67]. The Zn fraction can be estimated from the angular po-

sition of the characteristic (20 1 ) XRD peak of the zincian malchite 

phase near 32 ° in 2θ using Cu Kα radiation [72]. This particular lat-

tice plane distance contracts as Zn2+ is incorporated into zincian 

malachite and the corresponding peak is shifted to higher angles. 

This is due to the average lowering of Jahn-Teller distortions of the 

MO6 building units in zincian malachite, whose elongated axes are 

aligned nearly perpendicular to this orientation. It is thus possible to 

measure the Zn-content of this phase by conventional XRD despite 

the similar ionic radii and scattering factors of Cu and Zn. It is noted 

that due to the anisotropic contraction of the monoclinic unit cell the 

other strong XRD peaks at lower angles, which are often employed 

for phase identification, are only hardly affected by Cu,Zn substitu-

tion and do not give much diagnostic insight [74]. The decrease of 

the (20 1 ) lattice plane distance upon incorporation of Zn into mala-

chite was measured for catalyst precursor phases obtained after age-

ing of precipitates with different nominal Cu:Zn ratio (Fig. 6) [67]. It 

can be seen that, under the conditions applied in this study, the limit 

of Zn incorporation is found near 28%, i.e. at a composition close to 
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(Cu0.72Zn0.28)2(OH)2CO3. For higher nominal Zn content no further 

shift of the (20 1 ) reflection and crystallization of the Zn-richer au-

richalcite phase as a side-product were observed. The largest SACu is 

observed for catalysts prepared from precursors near this critical 

composition (Fig. 6). This result strongly suggests that the desired 

porous microstructure of Cu/ZnO catalysts (Fig. 2) is formed from 

highly substituted zincian malachite precursors, and that the applied 

Cu:Zn ration near 70:30 is beneficial, because it lies near the incor-

poration limit of Zn in the malachite phase.  

 

Fig. 6: Lattice contraction in the direction perpendicular to the (20 1 ) planes of zincian mala-
chite as a measure of Zn incorporation in the precursor phase and SACu of the final Cu/ZnO cata-
lyst as a function Cu content (Phase composition: M: malachite; zM: Zincian malachite; A: Au-
richalcite); adopted from ref. [67]. 

This insight results in a simple geometrical model for the prepara-

tion of industrial Cu/ZnO catalysts comprising subsequent meso- 

and nano-structuring of the material (Fig. 7) [67]. In a first micro-
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structure directing step (meso-structuring) the homogeneous Cu,Zn 

precipitate obtained by constant-pH co-precipitation crystallizes in 

form of thin needles of zincian malachite. Thin and interwoven nee-

dles are desired, because the porosity of the final catalyst is already 

pre-determined at this step. In a second step, the individual needles 

are decomposed into CuO and ZnO and pseudo-morphs of the pre-

cursor needles can be still observed after mild calcinations [59]. Be-

cause both phases are only poorly miscible, a de-mixing cannot be 

avoided at this stage and nano-particles of the oxides, CuO and ZnO, 

are formed. The effectiveness of this nano-structuring step depends 

critically on the Zn-content of the precursor. The closer we approach 

a 1:1 ratio of Cu2+ and Zn2+ in the zincian malachite phase, the 

smaller the newly formed oxide particles will be and the higher is 

the dispersion of the Cu phase [67]. A 1:1 ratio of Cu and Zn in syn-

thetic zincian malachite, however, seems to be inaccessible by con-

ventional co-precipitation and ageing and due to solid state chemical 

constrains the limit is near 70:30 [74]. If we leave aside the syner-

getic effects of Cu and ZnO at this moment, the general benefit of 

using Zn2+ for the preparation of highly dispersed Cu-based catalysts 

is a geometric effect due to the chemical similarity of Cu2+ and Zn2+ 

concerning cation charge and size in aqueous solutions and in the 

precursor state. This similarity enables a common solid state chemis-

try of Cu and Zn in one mixed precursor phase, may it be produced 

by co-precipitation or impregnation. Thus, highly intermixed precur-

sors can be prepared easily in the Cu-Zn system, leading to highly 

dispersed Cu and ZnO particles upon decomposition.  
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Fig. 7: Model for the chemical memory of Cu/ZnO/(Al2O3) catalyst preparation comprising two 
microstructure directing steps. 

This model of Cu/ZnO preparation can explain the “chemical 

memory” of the industrial system, because the important material 

properties of the final catalyst like porosity and dispersion are al-

ready pre-determined by the properties of the precursor phase, like 

needle thickness and degree of Zn incorporation. It is also clear from 

this model that the synthesis conditions for industrial methanol syn-

thesis catalysts were optimized in an unintended manner in order to 

improve the Zn incorporation into the zincian malachite precursor 

phase. This of course means that preparation of Cu/ZnO catalyst 

from other precursor phases requires a new and adjusted set of prep-

aration conditions. The 70:30 ratio represents the optimal compro-

mise between loading and dispersion of Cu only for catalysts pre-

pared from zincian malachite precursors and each other precursor or 

preparation method requires an own optimization of the Cu:Zn ratio 
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(and all other synthesis parameters). Catalysts of lower Cu:Zn ratio 

than 70:30 are often used for MSR. This usually leads to formation 

of the aurichalcite precursor phase instead of zincian malachite dur-

ing co-precipitation of the precursor [58,71,75]. Aurichalcite crystal-

lizes in form of platelets rather than needles [64] and yields a 

Cu/ZnO catalyst of different microstructure. SACu usually is lower 

[61,67], but the embedment and Cu-ZnO interactions may be more 

favorable for MSR. In contrast to zincian malachite, for aurichalcite, 

which usually does not require an extended ageing period to crystal-

lize, a homogeneous co-precipitation method using urea decomposi-

tion has been reported to lead to highly active Cu/ZnO MSR cata-

lysts [76,77]. Promoting oxides – Al2O3 in case of the industrial 

catalyst – usually have a higher charge than Cu2+ or Zn2+ and in case 

of M3+ ions layered double hydroxides are very interesting for for-

mation of Cu/ZnO/Al2O3 catalysts from a single precursor phase. 

Also for academic purposes it is generally desirable to prepare a 

Cu/ZnO-based catalyst from single-phase hydroxy-carbonate precur-

sor to obtain a homogenous microstructure, which enables drawing 

reliable conclusions regarding the intrinsic activity of differently 

prepared Cu phases. 

It is noted that Cu/ZnO/(Al2O3) catalysts active in MSR can also be 

prepared from other precursors than hydroxy-carbonates, like mixed 

oxalates, [78] or following other recipes than co-precipitation, like 

reactive grinding [79] or CVD [80]. All these approaches will lead 

to different Cu/ZnO/(Al2O3) catalytic materials, which have to proof 

their performance in comparison with the high-SACu industrial refer-



32  

ence catalysts. It is crucial to combine such comparative catalytic 

studies with comprehensive material characterization to establish 

structure-performance relationships and to learn about possible 

routes to further optimize the Cu/ZnO/(Al2O3) system for applica-

tion in MSR. 

Ternary Cu/ZnO/X catalysts (X = Al2O3, ZrO2) 
In contrast to the widely studied and debated role of ZnO, which can 

be separated into a geometric (spacer function) and an electronic 

(synergetic Cu-ZnO interactions) contribution (see above), only very 

little is known about the origin of the beneficial role of Al2O3. Its 

presence leads to an improved thermal stability and higher intrinsic 

activity in methanol synthesis [50,81] and Al2O3 can be regarded as 

a structural promoter. As a porous oxide, alumina also provides a 

high surface area, but as mentioned earlier, cannot be seen as a clas-

sical support in commercial Cu/ZnO/Al2O3 catalysts. Many other 

oxides have been tested to find Cu/ZnO/X systems with improved 

catalytic properties, e.g. by combinatorial approaches [82]. In the 

field of MSR catalysts, Breen and Ross [83] compared a number of 

Cu/ZnO/X materials (X = Al2O3, ZrO2, La2O3, Y2O3) of different 

composition and prepared by different precipitation sequences. They 

concluded that ZrO2 is superior to Al2O3 as an oxide component in 

Cu/ZnO-based MSR catalysts. In addition to these Cu/ZnO/ZrO2 

catalysts, also Cu/ZnO/Al2O3 composites prepared from layered 

double hydroxide precursors will be discussed in this section, since 

their microstructure and composition is markedly different from the 
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commercial low-Al2O3 promoted Cu/ZnO system described above. 

It is noted that also other oxides than Al2O3 or ZrO2 like for instance 

SiO2 [84], and also carbon [85,86] were used to prepare active 

Cu/ZnO MSR catalysts. 

Layered double hydroxides (LDHs) or hydrotalcite-like compounds 

are hydroxy-carbonate precursors, which can be derived from the 

naturally occurring Mg-Al salt hydrotalcite, Mg1-xAlx(OH)2(CO3)2/x · 

m H2O (0.25 < x < 0.40). Mg and Al form layers of edge-sharing 

(Mg,Al)(OH)6 octahedra. The H-atoms point to the interlayer space, 

where also the carbonate anions are located. Carbonate ions (or other 

anions) are needed in the structure to compensate for the extra posi-

tive charge introduced by the trivalent Al3+ ions. LDHs are well-

established precursor compounds for synthesis of various catalysts 

[87,88]. They are especially interesting due to their ability to iso-

morphously substitute Mg2+ as well as Al3+ by other bi- or trivalent 

cations, in particular those from the first row of transition metals. 

Thus, they are very attractive precursors for Cu-Zn-Al catalysts as 

they can provide a perfect atomic distribution of all metal species in 

one single-phase precursor compound and should yield structurally 

uniform catalysts of high Cu dispersion and enhanced interaction be-

tween Cu metal and the Zn,Al oxide phase.  

Several studies have shown that Cu,Zn,Al LDH precursors or pre-

cursor mixtures containing the LDH phase can indeed be decom-

posed into highly active MSR catalysts [18,89,90]. LDHs are typi-

cally and most easily prepared by co-precipitation, similar to the 

zincian malachite precursor of the methanol synthesis catalyst (see 
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above). Preparation of phase-pure Cu,Zn,Al LDHs requires a modi-

fied metal composition with an increase in Al and a decrease in Cu 

content. The former is necessary to provide enough trivalent cations, 

which should exceed around ¼ of the total metal cations. Thus Al 

cannot be regarded as a structural promoter phase any more, but ra-

ther is an integral component of the oxide phase in the final catalyst. 

The latter is to suppress formation of Cu-rich malachite-like phases 

(desired in case of the industrial methanol synthesis catalyst), which 

is favored by Cu2+ due to the tendency of the d9 system to crystallize 

in Jahn-Teller distorted 4+2 coordination rather than in the more 

regular LDH environment. Usually, no extended ageing period is 

needed to crystallize LDH phases from the precipitate. 

Cu-rich phase-pure LDH precursors (up to 49 at.-% Cu) can be pre-

pared by such a modified direct co-precipitation and yield 

Cu/ZnAl2O4-type catalysts [91]. These catalysts exhibit a different 

microstructure than that of the industrial Cu/ZnO/Al2O3 catalyst 

shown in Figure 2. Despite a smaller average Cu particle size ob-

served in the ex-LDH material, which is a result of the lower total 

Cu content and the perfect cation distribution in the precursor, the 

accessible Cu surface area is considerable lower, around 5 m2g-1. 

This is a result of the much stronger embedment of the small metal 

particles in the ZnAl2O4 matrix. After calcinations at 603 K and re-

duction, the interface-to-surface ratio was determined to be 89% 

compared to ca. 35% for the industrial system. The major challenge 

in the preparation of such ex-LDH Cu/ZnAl2O4 catalyst can thus be 

seen to optimize the “nuts-in-chocolate”-like morphology by adjust-
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ing the Cu particle size, the degree of embedment and the precursor 

platelet thickness in order to find the proper compromise between 

Cu metal-oxide interactions and Cu dispersion. Tang et al. [89] re-

ported a surprisingly high accessible SACu of 39 m2g-1 for a LDH-

derived Cu/ZnO/Al2O3 catalyst (Cu:Zn:Al = 37:15:48) after calcina-

tion of the precursor at elevated temperature of 873 K associated 

with the crystallization of spinel-type oxides and the complete de-

composition of all carbonate on the sample. A microemulsion ap-

proach for the precipitation of the precursor to “nano-cast” the plate-

let morphology of the LDH phase has also been shown to be 

promising in this direction as it increases SACu from 8 to 14 m2g-1 

compared to a conventionally co-precipitated ex-LDH Cu/ZnAl2O4 

catalyst (Cu:Zn:Al = 50:17:33) [92]. The MSR activity was im-

proved, but did not scale linearly with SACu and was still lower 

compared to a commercial Cu/ZnO/Al2O3 catalyst of the type de-

scribed above. 

Highly active ex-LDH Cu/ZnO/Al2O3 catalysts have been reported 

by Turco et al. [16,93,94] The authors applied a homogenous precip-

itation method of the chloride containing LDH followed by anion 

exchange with carbonate and investigated the structural and catalytic 

properties of the resulting catalysts. Calcination at 723 K leads to 

formation of CuO, ZnO, amorphous Al2O3 and probably also Cu and 

Zn aluminates. Cu contents were between 5 and 45% of all metal 

ions and SACus of up to 17.5 m2g-1 could be achieved. The highest 

activity in oxidative MSR was observed for the composition 

Cu:Zn:Al = 18:33:49. This sample sample showed a conversion to 



36  

CO near the detection limit of 0.01 %, which did not increase signif-

icantly with temperature between 473 and 673 K.  

Velu at al. [18,95] have prepared Cu,Zn,Al-LDH precursors by co-

precipitation and calcined at 723 K to obtain Cu/ZnO/Al2O3 cata-

lysts. Among these, the sample of the molar composition Cu:Zn:Al 

= 33:43:24 showed the highest Cu dispersion. The high activity in 

oxidative MSR was stable over 25 h on stream. The authors also 

used ZrO2 as a replacement for Al2O3 and as an additive to the 

Cu/ZnO/Al2O3 system. These Cu/ZnO/ZrO2 and 

Cu/ZnO/Al2O3/ZrO2 catalysts were prepared from aurichalcite and 

mixed aurichalcite/LDH precursors, respectively. The samples con-

taining ZrO2 were more effective in oxidative MSR than the ZrO2-

free samples. Copper-zirconia interactions, in particular Cu-O-Zr 

bonding, was found in these materials [96,97]. Cu was easier to re-

duce in the presence of ZrO2 suggesting an effect of the promoter 

oxide on the redox-chemistry of Cu. A Cu-ZrO2 synergetic effect 

was proposed to be responsible for the better catalytic performance 

of the ZrO2-containing samples probably by adjusting the Cu0/Cu+ 

ratio under working conditions (see below). Such an effect of the 

presence of ZrO2 on the ratio of Cu0/Cuoxidized at the catalyst surface 

was previously suggested by Breen and Ross on basis of modified 

redox-chemistry of Cu detected by temperature programmed reduc-

tion (TPR) [98]. Interestingly, a decreased reducibility of Cu was 

observed for their ZrO2-containing catalysts and ascribed to the 

presence of the promoter. The authors observed in their study that 

Cu/ZnO/ZrO2 catalysts were more active than Cu/ZnO/Al2O3 and 
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the material could be further improved by addition of alumina and 

yttria. The interactions between Cu metal and zirconia are discussed 

in more detail below for ZnO-free Cu/ZrO2 catalysts. 

Agrell et al. [15] prepared and characterized several Cu/ZnO cata-

lysts without and with addition of Al2O3 and/or ZrO2 by co-

precipitation and used them in MSR. Among these samples, the 

ZrO2-containing systems showed the highest Cu dispersions and best 

MSR performances. The Cu/ZnO/ZrO2/Al2O3 catalyst also showed a 

high stability in POM activity upon redox cycling compared to the 

binary Cu/ZnO sample, suggesting again an influence of ZrO2 on the 

redox properties of Cu.  

Matsumura and Ishibe [99] used Cu/ZnO/ZrO2 for high temperature 

MSR at 673 K and compared it to binary Cu/ZnO and Cu/ZrO2 (all 

30 wt.-% CuO after calcination). They observed an increased BET 

surface area and smaller particles in their Cu/ZnO/ZrO2 sample 

compared to binary Cu/ZnO. The catalytic activity was more stable 

than that of a commercial Cu/ZnO/Al2O3 catalyst. Interestingly, de-

activation was found to be accompanied by the growth of the oxide 

particles rather than by Cu sintering.  

An activity-promoting role of ZrO2 was also reported by Jones and 

Hagelin-Weaver in a series of Cu/ZnO/X catalysts (X = ZrO2, CeO2, 

Al2O3) prepared by impregnation [100]. The best sample was a 

Cu/ZnO/ZrO2/Al2O3 catalyst, which was most active and showed 

lowest CO selectivity. This catalyst was prepared by co-

impregnation of Cu and Zn onto a mixture of zirconia and alumina 
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nanoparticles and the good catalytic properties were related to the 

presence of the monoclinic polymorph of ZrO2.  

ZnO-free Cu-based catalysts 
Among the ZnO-free Cu-based catalysts, those comprising ZrO2 and 

CeO2 are the most studied systems and will be in the focus of this 

section. Combinations of Cu with chromia [101-103], or manganese 

oxide [101] promoters or Cu on silica supports [104] have also been 

used in MSR. Depending on the Cu content and the method of prep-

aration – co-precipitation, sol-gel chemistry or impregnation – these 

catalysts can be either obtained in form of truly supported or bulk 

catalysts similar to the industrial Cu/ZnO/Al2O3 system. Also skele-

tal Cu catalysts are known to be active in MSR, which can be pre-

pared from Cu-containing alloys by selective leaching. These mate-

rials are prepared employing intermetallic compounds as precursor 

phases and are discussed in more detail in the second part of this 

chapter. 

In the last years there has been growing interest in ZnO-free 

Cu/ZrO2 as catalyst for the MSR reaction. Already in the 1980s, 

higher conversions of methanol were reported for Cu/ZrO2 in com-

parison with Cu/SiO2 prepared by impregnation methods [105,106]. 

Cu/ZrO2 catalysts prepared by precipitation showed turnover fre-

quencies comparable to a Cu/ZnO catalyst [98]. The lower total ac-

tivity for the Cu/ZrO2 catalysts was ascribed to lower SACu in these 

catalysts. Ritzkopf et al. [20] successfully applied a microemulsion 

technique using the water droplets of a water-in-oil system to con-
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fine the reaction space for co-precipitation. They obtained intimately 

mixed CuO/ZrO2 particles with 4–16 wt.-% Cu and a particle size of 

less than 10 nm. At high temperature this catalyst showed activity 

levels identical to a commercial catalyst, but the level of produced 

CO was substantially reduced. At 573 K and ca. 90% conversion the 

CO concentration in the effluent was only ca. one fifth compared to 

the Cu/ZnO reference. In contrast to the commercial catalyst, oxi-

dized Cu species were detected by X-ray photoemission spectrosco-

py (XPS) on the surface of the Cu/ZrO2 catalyst after reaction, sup-

porting the stabilizing role of ZrO2 on oxidized Cu species, which 

was also observed for ZrO2-promoted Cu/ZnO/(Al2O3) catalysts (see 

above). Such oxidized Cu+ species are discussed to play an im-

portant role in the MSR reaction (see below). 

Purnama et al. [19] reported about a Cu/ZrO2 catalyst prepared by a 

templating procedure (8.5 wt.-% Cu) which showed higher activity 

as a function of WCu/F and better stability during MSR as well as a 

lower production of CO compared to a commercial Cu/ZnO/Al2O3 

sample. This sample showed a complex activation behavior if oxy-

gen pulses were added to the feed after certain periods of time on 

stream. Szizybalski et al. [107] prepared a Cu/ZrO2 catalyst with 8.9 

mol-% Cu after calcination by a precipitation method and investigat-

ed this phenomenon more closely. The calcined catalyst contained 

small and disordered CuO particles rather than Cu2+ incorporated in 

to the zirconia lattice. Again, a decreased reducibility was observed. 

By means of in situ Cu K-edge X-ray absorption spectroscopy, a 

significant amount of residual oxygen was detected in the Cu phase 
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after reduction at 523 K, which could only be removed by treating 

the catalyst with hydrogen at 673 K. If oxygen was added to the feed 

during MSR, an increase of this residual oxygen concentration was 

detected after re-reduction in the feed, which was accompanied by 

an increase in MSR activity. Thus, a correlation of the amount of 

oxygen remaining in the copper particles and the catalytic activity 

was proposed leading to the conclusion that there must be a different 

metal support interaction of Cu/ZrO2 compared to Cu/ZnO catalysts, 

where such correlation was not observed. 

Similar to the Cu/ZnO system, a high Cu loading of 80 wt.-% was 

reported to yield the most active material if co-precipitation and ni-

trate solutions were used for preparation of Cu/ZrO2 catalysts [108]. 

Yao et al. [109] prepared Cu/ZrO2 catalysts with this composition by 

four different methods and showed that the catalysts prepared by co-

precipitation revealed a higher conversion compared with the ones 

prepared by impregnation. The best results were obtained by an oxa-

late gel co-precipitation method and for a calcination temperature of 

823 K [110]. In this catalyst, a thin layer of monoclinic ZrO2 was de-

tected on a bulk of tetragonal ZrO2. With increasing calcination 

temperature the amount of monoclinic ZrO2 increased accompanied 

by decreasing conversions.  

Wu et al. [111] have studied the effect of ZnO and ZrO2 on the cata-

lytic properties of Cu in MSR by comparing pure Cu with inverse 

ZnO/Cu and ZrO2/Cu model systems. Both oxides were found to en-

hance the activity of Cu and to stabilize the Cu particles against ag-

gregation and sintering. Moreover, the presence of the oxides result-
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ed in a stabilization of Cu+ species at the surface of the catalyst. The 

authors concluded that ZrO2 is the superior promoter oxide for the 

Cu-based MSR catalyst.  

Also CeO2 turned out to be a promising oxide component for Cu-

based MSR catalysts. Cu/CeO2 catalysts were prepared by Liu et al. 

[21,112,113] using a co-precipitation method and calcination at 723 

K. By this treatment up to 20% Cu2+ could be incorporated into the 

ceria lattice. After reduction a Cu/CeO2 catalyst was obtained (3.9 

wt.-% Cu), which was more active than Cu/ZnO and Cu/Zn/Al2O3 

catalysts of the same low Cu loading. After deactivation the initial 

activity could be regenerated by re-calcination and reduction. The 

high activity was ascribed to strong Cu-oxide interactions and relat-

ed to the high oxygen mobility of the ceria support. Also mixed 

CeO2/ZrO2 [114] or Zr- [115] or Gd-doped [116] ceria was used as 

support for Cu-based MSR catalysts.  

The increasing Cu-oxide interactions when going from Cu/ZnO over 

Cu/ZrO2 to Cu/CeO2 are also reflected in a more and more enhanced 

substitution chemistry in the oxide phase at higher temperatures. 

While Zn2+ and Cu2+ show a common solid state chemistry only on 

the stage of the precipitated catalyst precursor, e.g. in form of a joint 

cationic lattice of hydroxy carbonate phases (see above), significant 

isomorphous substitution of Cu2+ in ZnO is, despite the match of 

cationic charge and similar ionic radii, hardly observed. The reason 

for this low degree of solid state solubility is most likely the tetrahe-

dral coordination environment of Zn2+-sites in ZnO, which is unfa-

vorable for Cu2+, which preferrs a Jahn-Teller-distorted octahedral 
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4+2 coordination. Incorporation of M2+ cations, like Ca2+, in the zir-

conia lattice on the other hand is well-know and can stabilize the 

higher symmetric polymorphs of ZrO2. It was reported that also Cu2+ 

can substitute Zr4+ and has an effect on the zirconia phase composi-

tion [117], but this effect may not play a role for preparation of Cu-

based MSR catalysts, where calcination temperatures are usually 

low and Cu was observed to be present rather in form of highly dis-

persed CuO [107]. In case of CeO2, however, clear evidence for the 

formation of a Ce1-xCuxO2 solid solution during catalyst preparation 

applying a calcination temperature of 723 K was presented by Liu et 

al. [21,112,113] Both materials, ZrO2 and CeO2, are known to easily 

form sub-stoichiometric metal-to-oxygen ratios and the charge mis-

match upon incorporation of Cu2+ can be compensated by formation 

of oxygen vacancies. Although highly substituted bulk phases are 

not likely to form under MSR conditions or even in oxidative MSR 

atmosphere and thus themselves are probably not relevant for cataly-

sis, these considerations still show that differences in the solid state 

reactivity of Cu with different oxides exist. Under oxidative condi-

tions the systems tend to form mixed oxides by beginning oxidation 

of the Cu metal, while under reducing conditions the systems tend to 

form an alloy by beginning reduction of the oxide. The connection 

of the redox chemistry of the Cu phase and its interaction with the 

oxide component was observed by many researchers. From the sub-

stitution chemistry of the bulk oxide phases, it is understandable that 

ZrO2 and CeO2 have a stabilizing effect on oxidized Cu leading to a 
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higher reduction temperature, while this effect is not observed for 

ZnO [118].  

Strengthened interactions between Cu metal and the oxide are obvi-

ously important for the stability of the catalysts as they hinder mo-

bility of the Cu particles and thus decrease the tendency for thermal 

sintering. Furthermore, these interactions may be important for the 

accessibility of higher Cu oxidation states at given conditions, or 

more generally for the ease of oxygen incorporation into the Cu lat-

tice (see below). Another practical aspect is that the re-dispersion of 

the Cu phase by oxidative regeneration will work much better for 

those systems which can form mixed oxides like Cu/CeO2 (stronger 

interactions) compared to those which cannot easily form mixed 

phases like Cu/ZnO.  

In an optimized Cu-based catalyst for MSR, the beneficial effect of 

redox promoting oxides on the Cu phase should be combined with 

the proven structural promoting effects of the less redox active 

ZnO/Al2O3 components.  

The active form of Cu under MSR conditions 
The question to what is the active site of Cu-based catalysts in MSR 

is still unclear and debated in literature. Similar to the methanol syn-

thesis reaction either metallic Cu0 sites, oxidized Cu+ sites dispersed 

on the oxide component or at the Cu-oxide interface or a combina-

tion of both kinds of sites are discussed to contribute to the active 

ensembles at the Cu surface. Furthermore, the oxidic surface of the 

refractory component may take part in the catalytic reaction as well 
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as providing adsorption sites for the oxygenate-bonded species 

[119], while hydrogen is probably adsorbed at the metallic Cu sur-

face.  

Clearly, SACu is among the most important factors determining the 

activity of a Cu-based catalyst in MSR, indicating the importance of 

proper balance of Cu dispersion and loading and thus of catalyst 

preparation. Sufficient SACu is a prerequisite for a high performance 

Cu-based MSR catalyst, but the metallic Cu surface area measured 

by N2O decomposition does not scale linearly with activity in all 

cases, and turnover frequencies - which were calculated using SACu 

as a count of active sites - vary even for the same sample after dif-

ferent pre-treatments [120]. Thus, other factors intrinsic to the Cu 

phase and not detectable by the N2O titration method also contribute 

to the MSR activity. There are two major views discussed in litera-

ture relating these intrinsic factors either to the variable oxidation 

state of Cu, in particular to the in situ adjustment of the Cu0/Cu+ ra-

tio at the catalyst’s surface, or to the defect structure and varying 

amount of disorder in metallic Cu depending on the microstructure 

and preparation history of the catalyst. As we will see, these views 

are not necessarily contradicting each other. 

Changes of the oxidation state of Cu are to be considered in particu-

lar in oxidative MSR due to the presence of gas phase oxygen. It has 

been tried to answer the question of the oxidation state of Cu under 

(oxidative) MSR conditions by post-reaction characterization as well 

as by in situ investigations with sometimes different results depend-

ing on the feed gas compositions, the catalyst material studied and 
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the characterization method used. Near-surface sensitive techniques 

like X-ray photoelectron spectroscopy (XPS) are well-suited to in-

vestigate the oxidation state of the near-surface of a Cu-based MSR 

catalyst, although the discrimination of Cu+ and Cu0 may be chal-

lenging on basis of the core level spectra. It is noted that contact to 

air has to be strictly avoided to obtain reliable results as highly dis-

persed Cu particles are prone to oxidation in air. Another drawback 

is that with laboratory XPS only ex situ investigations are possible 

and potential changes of the catalyst upon cooling and evacuation 

have to be taken into account. X-ray diffraction and X-ray absorp-

tion spectroscopy are also widely used to characterize the Cu phase 

in MSR catalysts. With these methods in situ investigations are pos-

sible, but they lack surface sensitivity. Another general aspect to be 

considered when reporting Cu0/Cuoxidized ratios is the homogeneity of 

the catalyst studied. If different Cu species are present in the cata-

lyst, e.g. larger Cu particles as well as highly dispersed Cu clusters, 

additional characterization information is needed to identify the ef-

fect of the individual Cu species on the results.  

Agrell et al. [15] studied the near-surface region of a 

Cu/ZnO/ZrO2/Al2O3 catalyst by XPS after simulating oxidative 

MSR reaction conditions in the pre-treatment chamber. They report-

ed the presence of metallic Cu0 after reduction and formation of oxi-

dized Cu+ species after exposure to a O2/MeOH atmosphere (1:2). In 

contrast, Goodby and Pemberton [121], who used pure MSR atmos-

phere without oxygen and a commercial Cu/ZnO/Al2O3 catalyst, 

found still about 7% Cu+ at the surface after reduction in hydrogen, 
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but the catalyst was fully reduced after using it in MSR. Raimondi et 

al. [122] used a similar method and found that the oxidation state of 

Cu in a commercial Cu/ZnO/Al2O3 catalyst is a function of feed gas 

composition. At slightly sub-stoichiometric O2:MeOH ratio Cu+ was 

predominant only at temperatures below 510 K. At higher tempera-

tures Cu was reduced by MeOH to its metallic state. H2 was pro-

duced only when Cu+ or Cu0 were detected, while Cu2+ formed at 

higher O2 partial pressures was inactive and led to MeOH combus-

tion. Using a sub-monolayer Cu on thin oriented ZnO films as model 

catalyst the same group showed that aggregation of the Cu islands is 

promoted by the presence of O2 if Cu was in the metallic state at a 

O2:MeOH ratio below 0.25 at 550 K. At higher O2 concentrations 

Cu is oxidized and the aggregation is less pronounced suggesting an 

effect of the oxidation state of Cu on the Cu-ZnO interactions [123]. 

Reitz at al. [124] used bulk-sensitive in situ X-ray absorption spec-

troscopy to study the oxidation state of Cu under different conditions 

in the presence of methanol, steam and oxygen. They observed 

MSR-inactive Cu2+ at low O2 conversions and found H2 production 

only if metallic Cu was detected. Cu+ was detected as an intermedi-

ate during the reduction of Cu2+ to Cu0.  

It is not a surprise that the oxidation state of Cu is a function of the 

oxidation power of the gas feed, especially of the O2 concentration if 

oxidative MSR is used. Knop-Gericke et al. [125] have shown the 

importance and complexity of the dynamic near-surface Cu-O chem-

istry by high pressure in situ XPS for the MeOH oxidation reaction 

on Cu foil. With increasing O2:MeOH ratio the in situ formed Cu 
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surface could vary from metal via sub-oxide to Cu(I)-oxide like spe-

cies. The most active and selective state (to formaldehyde) observed 

in this study was a disordered Cu0 surface modified in situ by sub-

surface oxygen of a composition near Cu~10O stressing that the pure 

Cu0 metal and bulk Cu2O phases are not sufficient to fully describe 

the surface chemistry of the Cu-O system. It is noted that the active 

surface phase was only observed in situ and did not form under 

UHV conditions. 

It is not only the gas phase composition, which determines the oxi-

dation state of Cu under MSR conditions. Also the catalyst formula-

tion plays a significant role. It was already mentioned above that the 

presence of ZrO2 generally decreases the reducibility of CuO and 

can stabilize Cu+ compared to ZrO2-free systems at given MSR con-

ditions. Such Cu+ centers are often discussed to be the active sites of 

(oxidative) MSR in the context of a redox-mechanism corresponding 

to the reverse of a reaction proposed for methanol synthesis by Klier 

[126], where Cu+ centers incorporated in a ZnO matrix are suggested 

as active sites. The Busca group identified Cu+ sites at the surface of 

LDH-derived Cu/ZnO/Al2O3 catalysts using IR spectroscopic meth-

ods and discussed their role in oxidative MSR [90,127-129]. 

The second explanation for a varying intrinsic activity is the differ-

ent amount of disorder in the metallic Cu phase. This disorder can 

manifest itself in form of detectable lattice strain, e.g., by line profile 

analysis of XRD peaks [17], 63Cu-NMR lines [65], or as an in-

creased disorder parameter (Debye-Waller-factor) derived from ex-

tended X-ray absorption fine structure (EXAFS) spectroscopy [120]. 
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Strained copper has been shown theoretically [130] and experimen-

tally [131] to have different adsorptive properties compared to un-

strained surfaces. Strain, i.e. local variation in the lattice parameter, 

is known to shift the centre of the d-band and alter the interactions of 

metal surface and absorbate [132]. Alternatively, a modification of 

the electronic structure of Cu was also discussed to take place at the 

interface between Cu metal and the semiconducting oxide forming a 

Schottky junction [133]. 

Günter at al. [120] used in situ XRD and EXAFS and found a corre-

lation of disorder in the Cu phase and the activity of a series of dif-

ferently prepared Cu/ZnO catalysts in MSR. Also the selectivity to-

wards CO2 was affected. Kniep et al. [65] could show that the Cu 

phase in Cu/ZnO catalysts prepared under otherwise identical condi-

tions was more strained and more active in MSR if the precipitate 

was aged than without ageing. Also introduction of a microwave 

heating step [134] or reactive grinding [135] of the calcined 

CuO/ZnO material was used to prepare strained and disordered and, 

thus, intrinsically more active Cu particles in the final MSR catalyst. 

A certain increase in disorder seems to be also achievable by post-

preparation treatment as could be shown by in situ investigations 

(Fig. 8) [120]. Addition of oxygen to the MSR feed led to a transient 

breakdown of MSR activity ascribed to the formation of CuO. After 

switching off the oxygen stream, the catalyst was re-reduced to Cu0 

in the MSR feed and exhibited a higher conversion of methanol as 

well as lower selectivity to CO, which was ascribed to an increase in 

structural disorder. Bulk-Cu2O was observed only as an intermediate 
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during reduction. The origin of structural disorder in highly active 

Cu/ZnO catalysts is thought to be the interface of the Cu0 clusters 

with the ZnO particles. Thus, enhancement of this interface contact 

may be beneficial for the activity of the catalyst, if not too much 

SACu is sacrificed.  

 

Fig. 8: Evolution of Cu phase composition of a Cu/ZnO catalyst during oxygen addition cycles 
into steam reforming feed at 523 K. Phase analysis was based on the corresponding X-ray ab-
sorption near edge structure (XANES) spectra. The two lower sections of the graph depict the 
evolution of the gas-phase in percent and ppm, respectively. Three transitions in bulk and gas-
phase composition are marked: (I) copper metal during steam reforming, (II) oxidation to of Cu, 
(III) and re-reduction of Cu oxide. Reprinted from ref [120] with permission from Elsevier. 

Accordingly, short addition of oxygen to a Cu/ZrO2 MSR catalyst 

under working conditions was also shown to have an activating ef-
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fect on the Cu phase, which is even more pronounced and stable 

compared to Cu/ZnO [19,107]. In this case no significant lattice 

strain of Cu could be detected, but incorporation of oxygen in metal-

lic Cu was observed (see above). Considering similar effects on the 

catalytic properties of Cu in these particular experiments but appar-

ently different structural origins in Cu/ZnO and Cu/ZrO2, and taking 

into account the work addressing the oxidation state of Cu, a general 

view on Cu in MSR emerges. The catalytic activity of Cu in MSR 

seems to be related to a non-equilibrium form of metallic Cu. The 

deviation of the catalytically active surface from its ordered equilib-

rium form can be triggered by redox-chemistry as well as by a bene-

ficial microstructural arrangement of the composite catalyst. The 

former relates to a distortion of the Cu lattice by oxygen dissolution 

and is a dynamic effect, which adjusts itself in situ. This effect can 

be measured by bulk methods as residual oxygen content in the Cu0 

phase and may well influence the Cu0/Cu+ ratio measured ex situ 

with surface sensitive techniques. The extent of this distortion is a 

function of the gas phase composition and the metal-oxide interac-

tions. Oxygen incorporation is favored by increasing the oxidation 

power of the feed, e.g. by oxygen addition, and facilitated by strong 

(or synergetic) interactions of Cu and the oxide component like in 

Cu/ZrO2. However, oxidation of Cu to a bulk oxide form (Cu2O) by 

a too strongly oxidizing atmosphere as well as formation of a mixed 

oxide phase (e.g. inactive CuAl2O4) by too strong interactions of Cu 

with the oxide has to be avoided.  
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Deviation from equilibrium Cu due to static defects and lattice 

strain, on the other hand, can be introduced in the Cu particles by 

proper catalyst preparation aiming at kinetically trapping a distorted 

and defect-rich state of Cu. In a microstructure with small particles, 

many Cu0-oxide interfaces like in the commercial Cu/ZnO/(Al2O3) 

catalyst beneficially affect the Cu phase. In addition to the beneficial 

role of Zn2+ on Cu dispersion (see above), the interface of Cu metal 

and ZnO seems to be well suited to pin this favorable defect struc-

ture of Cu0. 

 

Intermetallic Compounds in Methanol Steam Re-
forming  

Besides the Cu-based systems, different other systems, mainly based 

on palladium or platinum, have been explored as catalysts for the 

steam reforming of methanol. The driving force was to detect mate-

rials with higher stability against sintering and higher selectivity, i.e. 

lower CO partial pressures in the product [136]. 

Interestingly, the formation of intermetallic compounds is frequently 

observed in these metal-oxide supported systems and is very often 

connected with a significant increase in selectivity to CO2 [27]. An 

“intermetallic compound” is composed of two or more metallic ele-

ments and possesses a crystal structure which is different from the 

constituting elements and at least partly ordered [137,138]. “Com-

pound” implies, that it is single-phase, which is not in contradiction 

to the often broad homogeneity ranges of intermetallic compounds. 



52  

In contrast, the more familiar term “alloy” corresponds to a mixture 

of metals, intermetallic compounds and/or non-metals, and can con-

sist of more than one phase.  
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Figure 9: Density of states of metallic Pd (a), Ag (b) and the intermetallic compound ZnPd (c). 
Ag-Pd alloy formation leads to d-band filling intermediate between elemental Pd and Ag. In con-
trast, huge differences are revealed at the Fermi energy as well as in the width of the Pd d-bands 
upon formation of the intermetallic compound ZnPd (c). 
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Figure 9 demonstrates the huge consequences of an ordered interme-

tallic compound on the electronic structure of the catalytically active 

species. Opposed are the electronic densities of state (DOS) of Pd 

metal, Ag metal and the intermetallic compound ZnPd (often called 

PdZn but see [139]). By alloy-formation of e.g. Ag-Pd the total elec-

tron concentration per atom increases with increasing Ag-content, 

but the crystal structure does not change (Cu type of crystal struc-

ture, space group Fm 3m). As a consequence, the DOS remains very 

similar (so-called rigid-band approach) to that of elemental Pd but 

the d-bands are further populated until they reach the population of 

pure silver (Fig. 9b). On the other hand, the intermetallic compound 

ZnPd crystallizes in the ordered CuAu type of crystal structure 

(space group P4/mmm). The crystal structure is a direct consequence 

of the covalent chemical bonding within the intermetallic compound 

upon formation [139]. Interestingly, covalent interactions are quite 

common in intermetallic compounds, leading to a strong alteration 

of the electronic structure as seen in Fig. 9c. They are also displayed 

by the physical properties of the compounds [140-142]. Since a sig-

nificant number of valence electrons are localized in the covalent 

bonds, the electrical conductivity is significantly reduced upon com-

pound formation. An example is the well investigated θ-phase, the 

intermetallic compound CuAl2 [142] in the system Al-Cu shown in 

Fig. 10. 
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Fig. 10: Phase diagram of the system Al-Cu. Reprinted from Int. Met. Reviews 30, J.L. Murray, 
The aluminium-copper system, 211-233, with permission from ASM International®. All rights 
reserved. www.asminternational.org 

Both elements crystallize in the Cu-type of structure (cubic closed 

packed). Alloy formation takes place on the Al- as well as the Cu-

rich side. Up to 20 at.-% of Al can be dissolved in Cu without 

changing the crystal structure. Between the two alloys, a number of 

intermetallic compounds with different structures are formed. In 

CuAl2 the three-bonded Al atoms build covalent and interpenetrating 

63 nets. The Cu atoms are located in tetragonal antiprismatic cavities 

and interconnect the 63 nets by eight three-centre bonds. This bond-

ing situation is dramatically influencing the physical properties. In 

contrast to Cu and Al, CuAl2 is no longer ductile, but brittle as glass 

– a property often observed for covalently bonded intermetallic 

compounds. Localization of the electrons in the covalent bonds re-
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duces the number of charge carriers and thus the electric resistivity 

is significantly increased to 7.6 µΩcm [143] at 295 K compared to 

ρ295 K, Cu = 1.55 µΩcm and ρ295 K, Al = 2.73 µΩcm. The strongly al-

tered electronic and crystal structures determine the adsorption and 

the catalytic properties. Thus, it is necessary to keep the above men-

tioned differences between an intermetallic compound and an alloy 

in mind when looking at bi-metallic catalysts. 

Staying with palladium, the direct consequences on the catalytic be-

havior upon compound formation can be demonstrated. While palla-

dium possesses only a CO2 selectivity of 0.9% in methanol steam re-

forming, formation of the intermetallic compound ZnPd leads to 

98% CO2 selectivity [144]. In the following, the different roles 

played by intermetallic compounds in the steam reforming of meth-

anol are discussed. Starting with the deliberate decomposition of in-

termetallic compounds to synthesize highly active catalysts and via 

the observation of intermetallic compounds forming during time on 

stream this section ends with the use of well-defined intermetallic 

systems to systematically develop an understanding of the underly-

ing principles of the steam reforming of methanol. The following 

sections do not aim at a complete review of the existing literature, 

but at revealing the different ideas concerning intermetallic com-

pounds and the steam reforming of methanol present in literature. 
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Catalysts derived by decomposition of intermetallic com-
pounds 
Applying intermetallic compounds in methanol steam reforming is 

still a young scientific subject. The first appearance was in 1994 

when Miyao et al. [145] used Al-Cu, Cu-Zn and Al-Cu-Zn alloys, 

which contained intermetallic compounds such as CuAl2, CuZn and 

Cu5Zn8, as precursors to synthesize highly active Cu-based Raney-

type catalysts. During leaching with aqueous NaOH, the intermetal-

lic compounds are decomposed and the observed catalytic properties 

can not be correlated to the crystal and/or electronic structure of the 

starting materials. Typically the leaching results in supported Cu 

particles with high surface area and thus higher activities than con-

ventional Cu-based systems. 

Also single-phase intermetallic compounds like the well-

investigated CuAl2 [142] and even quasicrystalline phases, i.e. or-

dered but non-periodic intermetallic compounds, have been used as 

precursors for Raney-type catalysts (Fig. 11). 
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Figure 11: XRD of quasicrystalline Al63Cu25Fe12 (a), after leaching with 20 wt.% NaOH at ambi-
ent temperature (b) and after use as methanol steam reforming catalyst (c). The inset shows an 
electron diffraction pattern of (a), proving the existence of the icosahedral quasicrystal. Reprint-
ed from Appl. Catal. A 214, A.P. Tsai, T. Yoshimura, Highly active quasicrystalline Al-Cu-Fe 
catalyst for steam reforming of methanol, 237-241, Copyright 2001, with permission from Else-
vier. 

The group of Tsai leached powders of the quasicrystalline icosahe-

dral i-Al-Cu-Fe phase, crystalline Al-Cu-Fe intermetallic com-

pounds and CuAl2 with NaOH or Na2CO3 [22,146-148]. This leads 

to a preferential dissolution of aluminum from the surface of the par-

ticles, leaving the intermetallic core untouched. The surface after 

leaching consists of transition metal particles which are dispersed on 

an aluminum hydroxide layer. As in the case of the abovementioned 

materials, the H2 production rate increased to 235 L/kg, but the pres-
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ence of iron also leads to a higher stability of the Cu particles against 

sintering. Interestingly, leaching of the quasicrystalline phase result-

ed in higher activity and stability compared to the crystalline inter-

metallic precursors – a phenomenon not understood yet. Ma et al. 

modified the leaching solution for CuAl2 with Na2CrO4 and discov-

ered that this increases the activity by a factor of two [23]. Using 

XPS, they could show, that the modification led to Cr2O3 promotion, 

which acts beneficial on the structural and catalytic properties. The 

presence of Cr2O3 results in higher BET surface areas due to higher 

porosity and smaller Cu particles. It was observed that Cr2O3 also 

increases the activity by itself, resulting in a higher activity com-

pared to commercial copper chromite catalysts. 

Another direction explored to generate high specific Cu surface are-

as is to oxidize intermetallic compounds or alloys prior to their use 

as catalysts. This approach is similar to a preparation of methanol 

synthesis catalysts which was developed in the 1970s by Wallace 

and Lambert [149,150]. Here the oxidation of Cu-RE (RE = rare 

earth element) intermetallic compounds like CeCu2 or NdCu5 in the 

CO/H2 feed leads to finely dispersed Cu particles which are support-

ed on the rare earth oxides (Fig. 12).  



60  

 

Figure 12: X-ray diffraction of CeCu2 in He (a) and during treatment in 15 bar CO/H2 at 353 K 
(b) and 373 K (c, d). The active state of the catalyst consists of Cu particles supported on CeO2, 
while T1 and T2 show the decomposition of the intermetallic compound during the treatment. 
Reprinted from J. Catal. 106, R.M. Nix, T. Rayment, R.M. Lambert, J.R. Jennings, G. Owen, An 
in situ X-ray diffraction study of the activation and performance of methanol synthesis catalysts 
derived from rare earth-copper alloys, 216-234, Copyright 1987, with permission from Elsevier. 

Activation of Ni3Al in the methanol steam reforming feed leads to 

decomposition of the intermetallic compound to small Ni particles 

supported on oxidized/hydrolyzed aluminum [24]. While at a 

steam:carbon ratio of one both elements are oxidized, elemental Ni 

is preserved at a steam:carbon ratio of 0.1. The observed catalytic 

properties of the Ni3Al-derived catalysts correspond to Ni-based cat-

alysts and show CO2-selectivities of only 10% since the main reac-

tion – even under steam reforming conditions – is the decomposition 

of methanol. 
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To obtain high specific transition metal surface areas, Takahashi et 

al. oxidized amorphous Cu-Zr alloys with small contents of Au, Pd, 

Pt or Rh for 17 h in air at 570-587 K [25,151]. By subsequent reduc-

tion at 573 K in hydrogen, the desired supported transition metal 

catalysts were obtained. The most active catalysts were obtained 

from alloys with Pt and Rh contents around 1%, while for Au the ac-

tivity increased with increasing Au content. The selectivity towards 

CO2 of these catalysts was around 100% and it was concluded, that 

the main role of Pt, Rh and Au is to increase the copper dispersion. 

The behavior of the Pd modified Cu-Zr alloys differs significantly 

from the other alloys. While the activity is again increased, the se-

lectivity to CO2 is only around 60%. This can be attributed to the 

presence of elemental Pd which is an active catalyst for the decom-

position of methanol to CO. 

Besides being decomposed, intermetallic compounds are important 

in other ways in the steam reforming of methanol: On the one hand, 

they are often observed after the use of oxide supported catalysts, 

which triggered research on their formation. On the other hand, un-

supported intermetallic compounds are under investigation to reveal 

their part in the steam reforming of methanol. Research on these two 

topics is compiled below. 

Supported intermetallic compounds 
As seen above, intermetallic compounds can be changed by the reac-

tive atmosphere applied – but also conventional supported (mono-

metallic) catalysts can be very dynamic systems. This is for example 
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expressed by deactivation due to sintering of the supported metal or 

the deposition of carbonaceous species. 

Especially under reducing conditions (e.g. in the last step of the 

preparation) two other effects can be present. One is the so-called 

“strong metal-support interaction” (SMSI), which can be defined by 

three characteristics [152]: i) when reduced at low temperature, the 

catalyst shows a conventional chemical behavior, ii) high-

temperature reduction strongly alters the chemisorption properties 

(SMSI state) and iii) the phenomenon is reversible by oxidation and 

mild reduction bringing the catalyst to state i). While in the first pub-

lication by Tauster the involvement of intermetallic compounds was 

suggested [153], the SMSI is today assigned to a covering of the me-

tallic particles by a mobile and partly reduced support [155-156], a 

view that was also taken by Tauster in later publications [157]. The 

other phenomenon is the formation of intermetallic compounds by 

partial reduction of the (oxidic) support and subsequent reaction 

with the supported metal, for which we propose the term “reductive 

metal-support interaction” (RMSI). The formation of the intermetal-

lic compounds has to be differentiated from the SMSI, since it is 

usually not reversible unless the catalysts are treated under very 

strong oxidizing conditions. 

Instead of being formed before the reaction, intermetallic com-

pounds can also be formed under reaction conditions by RMSI. 

Commonly, this process is not complete unless very high reduction 

temperatures are applied, where the necessary temperature depends 

on the combination of metal and support. Fig. 13 displays an exam-



63 

ple of the problem. Using only XRD, it is hard to identify the species 

present after reduction at low temperatures. The observed diffraction 

patterns could be due to partially reduced PdO, solid solutions of 

oxygen or hydrogen in Pd or intermetallic compounds.  If the pro-

cess is not complete, different potentially catalytically active species 

can be present and the resulting complex systems (different metallic 

species, support, numerous interfaces …) hinder the determination 

of the catalytic properties of each of the components. While the 

RMSI is usually only observed in catalytic systems involving an eas-

ily reducible support (e.g. ZnO, Ge2O3, In2O3) – unless very high 

temperatures are applied [158,159] – the SMSI is not restricted to 

these systems and is also observed for ZrO2 and Al2O3 [157]. 

Research for alternative methanol steam reforming catalysts provid-

ing higher stability than the Cu-based systems led to the investiga-

tion of Pd- and Pt-based catalysts. In the first publication by Iwasa et 

al. Pd and Pt on different supports were evaluated [160]. Normally, 

elemental Pd selectively catalyses the decomposition of methanol to 

CO, even in the presence of water, resulting in high CO contents in 

the product [161]. Surprisingly, Iwasa et al. observed that in the case 

of Pd/ZnO the CO2 selectivity improved drastically from 0 to 97% 

with prior reduction of the catalyst. 

By comparison of Pd/ZnO with Pd/SiO2 and Pd/ZrO2 they could 

show that by RMSI the intermetallic compound ZnPd is formed on 

Pd/ZnO, modifying strongly the catalytic selectivity of the Pd/ZnO 

catalyst [144]. On the other hand, no intermetallic compound was 

formed on Pd/SiO2 or Pd/ZrO2 at comparable temperatures, resulting 
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in low selectivities of 0.9% and 35% towards CO2, respectively (Fig. 

13). 

 

Figure 13: Powder X-ray diffraction of 10 wt.% Pd on ZnO (A), ZrO2 and SiO2 (B), respectively. 
The temperatures at which the catalysts were reduced are given in the figure. Reprinted from 
Appl. Catal. A 125, N. Iwasa, S. Masuda, N. Ogawa, N. Takezawa, Steam reforming of methanol 
over Pd/ZnO: Effect of the formation of PdZn alloys upon the reaction, 145-157, Copyright 
1995, with permission from Elsevier. 

In addition to XRD, the compound formation was also detected by 

X-ray photoelectron spectroscopy. The Pd 3d5/2 signal for elemental 

palladium is observed at 335.1 eV. The reductive treatment of 

Pd/ZnO at 673 K with hydrogen leads to a shift of 0.6 eV of the Pd 

3d5/2 signal to higher binding energy.  

The beneficial formation of ZnPd led to an increase of the conver-

sion and selectivity from 33% and 62%, respectively, for Pd/ZnO 

catalysts reduced at 493 K to 58% and 98%, respectively, after re-
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ductive treatment at 673 K. For comparison, the conversion over 

Pd/SiO2 was 10% with a selectivity of 0.9% and Pd/ZrO2 showed a 

conversion of 87% and a selectivity of 20%. It was suggested that 

the reason for the selectivity increase are the different reaction 

pathways for the decomposition of formaldehyde species on Pd and 

ZnPd. While they are selectively decomposed to CO and H2 on ele-

mental Pd, the intermetallic compound ZnPd leads to an effective at-

tack by water and subsequent decomposition to CO2 and H2 similar 

to the reaction path suggested for Cu-based catalysts (Fig. 1). 

These initial studies were followed by many others, making 

ZnPd/ZnO the best investigated intermetallic system for the steam 

reforming of methanol. Special interest lies on how the intermetallic 

particles are formed and how the catalytic properties depend on the 

particle size and morphology. The formation of the intermetallic 

compound has been investigated by two approaches so far. Wang et 

al. studied 15.9% Pd/ZnO prepared by co-precipitation by tempera-

ture programmed reduction, desorption, electric conductivity and 

XRD [162,163]. The strong interaction between metallic palladium 

and the support leads to hydrogen spillover during reduction. This 

enables the reduction of the ZnO in the vicinity of the Pd particles 

and the formation of the intermetallic compound ZnPd at tempera-

tures above 523 K. The suggested reduction process follows the se-

quence Pd/ZnO → ZnPdO1–x/ZnO → ZnPd/ZnO. For this catalyst, 

the best catalytic performance (41% conversion, 94% selectivity, 

hydrogen yield 0.65 molg-1h-1 at 523 K and a WHSV of 17.2 h-1) 
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was obtained after reduction at 573 K for 1 h in pure hydrogen, 

which resulted in a crystallite size of 5-14 nm. 

A different approach was followed by Penner et al. [164], who syn-

thesized well-defined thin film model systems by embedding epitax-

ially grown Pd-particles in an amorphous ZnO matrix which is me-

chanically stabilized by SiO2. The advantage of this approach is the 

possibility to perform in depth TEM characterization on these mate-

rials. The formation of well-ordered ZnPd was observed at tempera-

tures as low as 473 K and it was stable up to 873 K, where it partial-

ly decomposed into Pd-rich silicides. The epitaxial growth of the Pd 

particles causes their alike crystallographic orientation. This enabled 

the observation that the ZnPd intermetallic compound is formed by a 

topochemical reaction [165] starting at the surface of the Pd parti-

cles. Comparison of a similar Pd/SiO2 thin film model revealed 

amorphisation of the Pd particles by reduction, most likely due to 

hydride formation. This clearly does not happen in the presence of 

ZnO as otherwise the crystallographic orientation between the parti-

cles would be lost. Most likely, hydrogen is activated on the Pd sur-

face or a crystalline α-Pd-hydride with low hydrogen content is 

formed. A low concentration of activated hydrogen is reasonable be-

cause the hydrogen is used up by the reduction of the ZnO in the vi-

cinity of the Pd-particles immediately. Thus, the most likely reaction 

sequence is Pd/ZnO → “PdHx”/ZnO → ZnPd/ZnO, where “PdHx” 

represents a crystalline Pd-hydride or activated hydrogen on the sur-

face. Clarifying the intermediate in this reaction needs further inves-

tigation. 
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The influence of the ZnPd particle size (2 to 34 nm mean diameter) 

on the catalytic performance was studied by Dagle et al. and Karim 

et al. [166,167]. They found, that the intermetallic compound ZnPd 

is already formed at the relatively mild reduction temperature of 523 

K. At these low temperatures, ZnPd and Pd co-exist on the support. 

By varying the reduction temperature, the Pd/ZnPd ratio was 

changed, but no monotonic correlation between ZnPd content and 

the CO2 selectivity was observed. Instead, small particles showed 

CO2 selectivities of only 62% compared to 99% for the larger ones 

and highly selective catalysts could be obtained by elimination of 

the small and unselective particles of the intermetallic compound. 

The loss in selectivity can be explained with a strong activity in-

crease of small ZnPd particles in the reverse water-gas-shift reac-

tion, thus, the production of CO by converting CO2 and H2 

[168,169]. Interestingly, large ZnPd particles (diameter of 34 nm) 

show the same catalytic activity as small particles with 9 nm diame-

ter. This might indicate that not only the intermetallic compound 

ZnPd, but also the ZnO support play important roles during cataly-

sis, e.g. by forming the catalytically active interface together. 

The influence of ZnO on the catalytic properties has been studied in 

more detail by using catalytic systems consisting of Pd and Zn being 

present on an inert support like carbon or alumina. Suwa et al. com-

pared the deactivation behavior of ZnPd-ZnO/C and ZnPd/ZnO cata-

lysts [170]. After 50 h time on stream, both catalysts showed deacti-

vation from 70 to 60% and 70 to 40%, respectively. XRD analysis 

revealed the presence of Zn4CO3(OH)6*H2O on the ZnPd/ZnO cata-
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lyst. It was concluded that the deactivation mechanism is due to 

Zn4CO3(OH)6*H2O covering the intermetallic surface. The stronger 

deactivation of ZnPd/ZnO compared to ZnPd-ZnO/C was explained 

by the higher amount on ZnO present on the former. 

Another system on which the influence of ZnO has been studied is 

Pd-ZnO/Al2O3
 [30]. A series of catalysts with different Pd loading 

and Pd:Zn molar ratios was prepared, characterized and tested. The 

highest selectivity (98.6%) and activity (80% conversion at 523 K) 

was revealed at a loading of 8.9% Pd with a Pd:Zn ratio of 0.38. 

Doubling the ratio led to a six times higher CO content, whereas 

with half the ratio the CO content reached 1.7%. By XRD, ZnO was 

observed at low Pd:Zn ratios, while at high Pd:Zn ratios elemental 

Pd was observed. This clearly shows, that an ideal Pd:Zn ratio ex-

ists. If not enough Zn is present, not all the Pd can be converted to 

ZnPd, thus catalytically decomposing the methanol to CO and H2. 

Too high Zn contents on the other hand result in the formation of too 

much ZnO, which leads to lower selectivities and deactivation. 

Pd/ZnO was also used in the oxidative steam reforming of methanol. 

Liu et al., who were the first to investigate this reaction/catalyst 

combination [171,172], studied in a series of publications the effect 

of the Pd-loading [173], the deactivation [174] and the influence of 

the presence of third metals [175]. In contrast to the steam reforming 

of methanol, the activity and selectivity increased with Pd loading, 

most probably due to the use of ZnO as support, thus not restricting 

the Pd:Zn ratio. Testing the catalysts over 25 h resulted in a deacti-
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vation behavior superior to Cu-based catalysts, but with increasing 

amounts of CO (up to 18%) produced with time on stream (Fig. 14). 

 

Fig. 14: Activity (solid symbols) and CO selectivity (open symbols) of Pd/ZnO (circles) and a 
commercial Cu/ZnO catalyst (triangles). Reprinted from Appl. Catal. A 299, S. Liu, K. 
Takajashi, K. Fuchigami, K. Uematsu, Hydrogen Production by Oxidative Methanol Reforming 
on Pd/ZnO: Catalyst Deactivation, 58-65, Copyright 2006, with permission from Elsevier. 

 

By XPS investigations, it could be shown that the increasing CO 

content is due to a surface oxidation of the intermetallic compound 

ZnPd resulting in elemental palladium being present on the support, 

which leads to the decomposition of methanol. Modifying the 

Pd/ZnO co-precipitated catalysts with transition metals resulted in 

higher CO contents except in the cases of small amounts of Cr, Fe or 

Cu, which increased the selectivity slightly. The promotional effect 

was assigned to the water gas shift activity of these transition metals. 

The intrinsically lower selectivity of unpromoted Pd/ZnO/Al2O3 was 



70  

also observed for hydrotalcite derived catalysts, which showed CO2 

selectivities of 74-89% [176]. Thus it seems that using ZnPd in oxi-

dative steam reforming is not a promising route to highly selective 

catalysts due to the decomposition of the selective intermetallic 

compound. In addition to methanol (oxidative) steam reforming, 

ZnPd has also been applied as catalyst for the partial oxidation of 

methanol [177-179] which is not in the focus of this chapter. 

In summary, the catalytic system Pd/ZnO is quite complex. The dif-

ferent catalytic activities of ZnO, elemental Pd, ZnPd and the result-

ing interfaces pose a hurdle for a knowledge-based development and 

the empirical data base is not sufficient yet to draw final conclusions 

about the ongoing processes and the involved species. Large differ-

ences exist between different ZnPd/ZnO catalysts in the steam re-

forming of methanol (Table 1). These might be explained by differ-

ent Pd:Zn ratios and varying ZnO contents as well as by particle size 

effects at two stages. Firstly, the catalytic properties change with 

particle size as shown above. Secondly, the formation of Pd-

hydrides depends on the particle size [180-182] and if the formation 

of ZnPd is proceeding via a palladium hydride, size dependence dur-

ing formation is expected. In consequence, each system and every 

preparation route involving ZnPd has its own ideal zinc content and 

reduction conditions which need to be explored and established. 

Leaving the system Pd/ZnO and with it the intermetallic compound 

ZnPd, a number of other systems involving intermetallic compounds 

have been investigated for the steam reforming of methanol, albeit 

not yet in such depth as the aforementioned Pd/ZnO. Iwasa et al. 
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were the first to explore other transition metals supported on ZnO 

[27]. Amongst Ni, Co and Pt, only the latter formed an intermetallic 

compound (PtZn) during reduction. Compared to Pt/SiO2 the CO2 

selectivity was enhanced from 25.6% to 95.6%. On the other hand, 

the Ni- and Co-based systems showed selectivities of 4.7 and 8.9%, 

respectively. Testing Pt-Zn/C, Ito et al. also observed a selectivity 

increase after formation of the intermetallic compound PtZn by re-

duction in H2 at 873 K [183]. The resulting selectivity increase from 

48% for Pt/C to 83% for PtZn/C was not as high as for PtZn/ZnO, 

probably indicating an uncompleted transformation of Pt. 

In the next step, Iwasa et al. changed the support for the Pd- and Pt-

based systems to Ga2O3 and In2O3 [26,28,184]. After reduction, the 

intermetallic compounds Pd5Ga2, PdGa5, Pd0.52In0.48 (or PdIn), 

Pt5Ga3, Pt10.6Ga5.4 (or Pt5Ga3) and PtIn2 were formed as observed by 

TPD, XRD, XPS and AES. Using Ga2O3 as support resulted in a 

mixture of intermetallic compounds in contrast to ZnO or In2O3 sup-

ported catalysts. As in the case of Pd/ZnO, the formation of the in-

termetallic compounds led to a large increase in the observed CO2 

selectivities. While the non-compound-forming systems Pd/SiO2 and 

Pt/SiO2 showed selectivities of 0 and 18.8%, respectively, the Ga-Pd 

and Ga-Pt intermetallic compounds raised the selectivity to 94.6 and 

75.5%, respectively. In the case of the In2O3 supported catalysts, se-

lectivities reached 95.5% for In-Pd intermetallic compounds and 

even 98.3% for In-Pt intermetallic compounds. Especially the latter 

nearly reaches that of ZnPd/ZnO catalysts, which possess a selectivi-

ty of 99.2% under the same conditions. PdIn/Al2O3 catalysts were 
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applied in a microstructured reactor [29]. According to this study, 

PdIn/Al2O3 seems to be a more dynamic system than ZnPd/ZnO. By 

undergoing a self-optimization by reduction in the feed and reaching 

a highly selective steady state, a pre-reduction is superfluous. To ad-

dress the question why these intermetallic compounds behave so dif-

ferently, the decomposition of formaldehyde, which is often claimed 

as intermediate in the steam reforming of methanol, was studied on 

elemental Pd and Pt catalysts as well as on the intermetallic com-

pound catalysts. Here, a marked difference was observed: while the 

elements decomposed formaldehyde to CO, the intermetallic com-

pounds selectively produced CO2 [144,184]. This difference, as well 

as the different selectivities in the steam reforming of methanol, was 

assigned to the distinguished adsorption of the aldehyde in the η1(O) 

structure on Cu, and the η2(C,O) structure on Pd, Pt and Ni. It was 

proposed that the very different catalytic properties of ZnPd and me-

tallic Pd are due to the different structures of the HCHO intermedi-

ates on the metals. However, this view is not corroborated by theo-

retical calculations, which propose very similar adsorption 

geometries for the HCHO intermediate on Cu and Pd (η1) but η2 for 

ZnPd [185]. The support portfolio was enlarged by GeO2 (both the 

tetragonal and the hexagonal modification) and SnO2 [186]. Pd sup-

ported on these supports forms under reducing conditions Pd2Ge at 

473 – 673 K and a mixture of Pd2Sn and Pd2Sn3 at 573 K, respec-

tively. In both cases, decomposition of methanol is the prevailing re-

action, resulting in very low CO2 selectivities in the steam reforming 

of methanol. 
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The formation of the Pd-based intermetallic compounds by reaction 

of the noble metal and the support was investigated – as in the case 

of ZnPd – in detail by thin film models by the group of Klötzer very 

recently. For these XRD, TEM and SEAD studies, small Pd particles 

were epitaxially grown on NaCl and this time covered with amor-

phous Ga2O3, In2O3, GeO2 or SnO2 [186,187]. To mimic the condi-

tions of the synthesis of the catalysts used above, the Pd/Ga2O3 par-

ticles were first oxidized to PdO before being reduced at different 

temperatures in H2. Reducing the particles at 523 K resulted first in 

Pd particles, which subsequently were transformed to the intermetal-

lic compound Pd5Ga2 (Fig. 15). 

 

Figure 15: TEM image of Pd/Ga2O3 thin film catalyst after reduction in 1 bar H2 (a). The corre-
sponding SAED pattern is shown in (b). Reprinted from Appl. Catal. A 358, S. Penner, H. Lo-
renz, W. Jochum, M. Stöger-Pollach, D. Wang, C. Rameshan, B. Klötzer, Pd/Ga2O3 methanol 
steam reforming catalysts: Part I. Morphology, composition and structural aspects, 193-202, 
Copyright 2009, with permission from Elsevier. 

The transformation is not complete, even when the reduction tem-

perature is raised to 773 K. The remaining Pd is most probably lo-

cated in the core of the particles, thus not taking part in the catalysis 
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directly. Above 673 K pronounced sintering of the particles was ob-

served in contrast to ZnPd/ZnO. The study was complemented by 

investigating an impregnated Pd/β-Ga2O3 powder catalyst. In con-

trast to the thin film studies, the formation of the intermetallic com-

pound Pd2Ga [188] was observed here by XRD at reduction temper-

atures above 573 K. As in the thin films, elemental Pd is still 

present, even if the reduction is carried out at 773 K. Above 923 K, 

the Pd2Ga is transformed to the intermetallic compound PdGa by 

further reduction of the support. In difference to the work of Iwasa, 

the intermetallic compound PdGa5 was neither observed on the thin 

film nor on the powder catalyst after reduction. 

In the case of the In2O3 supported catalyst also a thin film sample 

and a Pd/In2O3 powder catalyst were used to investigate the com-

pound formation [189]. Two main differences to the former investi-

gated systems occur in the Pd/In2O3 thin film samples: i) the depos-

ited In2O3 is partly crystalline and not fully amorphous and ii) 

already during the deposition the formation of the intermetallic 

compound PdIn is observed. Reducing the thin film samples in H2 at 

373 K resulted in higher PdIn contents and at 573 K the In2O3 film is 

fully crystallized. From the TEM investigation of the PdIn particles, 

it was concluded, that the topochemical reaction growth follows the 

scheme PdIn[001]##Pd[001] and PdIn[011]##Pd[011]. At 573 K all 

the Pd is transformed to PdIn and the orientation of the particles is 

lost due to the stability limit of the In2O3 in hydrogen atmosphere. 

Reduction of the powder catalyst resulted in the complete transfor-

mation of Pd to PdIn at 573 K. As in the case of Ga2O3, higher tem-
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peratures lead to the formation of the main group metal-richer in-

termetallic compounds Pd2In3 (673 K) and PdIn3 (773 K). 

Pd particles in a GeO2 matrix are converted to Pd2Ge at 473 to 573 

K [186]. This transformation does not depend on the use of the GeO2 

modifications if the particles are conventionally supported and fur-

thermore, the only intermetallic compound observed on the amor-

phous thin films is Pd2Ge. In contrast, the intermetallic compounds 

observed for Pd on SnO2 depend on whether a thin film sample with 

amorphous SnO2 or a conventionally supported system is reduced at 

573 K. In the first case, Pd2Sn and Pd3Sn2 are observed, while in the 

thin films the reduction yields Pd2Sn and PdSn. Kamiuchi et al. in-

vestigated the interaction between the Pd particles and the SnO2 

support [190]. After reduction at 673 K only the intermetallic com-

pound Pd3Sn2 is formed and the particles are intruding into the sup-

port as revealed by subsequent TEM studies. During the short time 

of air-exposure, core-shell structures are formed by oxidation of the 

intermetallic tin on the surface. The core consists of the intermetallic 

compound Pd3Sn2 and the shell is an amorphous Sn-oxide corre-

sponding to a SMSI state (see above). In contrast to the report by the 

group of Klötzer, Pd2Sn was only observed after re-oxidation of the 

sample in air at 673 K in the non-SMSI state. 

Despite the thorough investigation of the formation processes of the 

intermetallic compounds, it is a disadvantage of all aforementioned 

systems that the intermetallic compound is at least mixed with the 

support and in most cases also with the corresponding noble metal in 

the elemental state. Sometimes even more than one intermetallic 
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compound is present, bringing the complexity to an even higher lev-

el. In such systems, the number of possible catalytically active spe-

cies hinders the assignment of the observed catalytic properties to a 

specific species and thus a knowledge-based development. The un-

derlying processes might be complicated and most probably involve 

the support or the metal/support interfaces (at least in the case of 

ZnPd/ZnO, where this is indicated by the data available), but only 

reducing the complexity will allow to understand the role of the in-

termetallic compound. This approach can be followed either by the-

oretical calculations or by experiment and the progress achieved so 

far is summarized in the next section. 

Unsupported intermetallic compounds 
As seen in the large number of observations above, intermetallic 

compounds might play a pivotal role as catalysts for the steam re-

forming of methanol. However, the systems discussed so far do not 

allow an unambiguous correlation of the crystal and electronic struc-

tures of the intermetallic compounds and the observed catalytic 

properties for two reasons: i) the intermetallic compounds are not 

the only species present, and the support, e.g. ZnO, might also influ-

ence the catalytic properties; ii) the stability of the compounds needs 

to be proven under reaction conditions. While the impact of the first 

point is quite obvious, the second one can be exemplified by the sub-

surface carbon phase formation of palladium during the gas-phase 

hydrogenation of alkynes [191-193]. Here, the alkyne is decom-

posed on the surface and part of the the carbon forms a metastable 
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sub-surface Pd-C phase. The electronic structure of the material is 

changed significantly, which can be detected e.g. by XPS as a shift 

of the binding energy of the Pd 3d5/2 signal of 0.6 eV. As soon as the 

hydrocarbon supply is stopped, the subsurface Pd-C decomposes by 

segregation of the carbon to the surface. Before and after the reac-

tion, only elemental palladium is observed (with carbon deposits af-

ter reaction), while the catalytically active phase actually is palladi-

um modified by the sub-surface carbon. Changes like this need to be 

detected and studied to allow valid correlations. Modifications by 

hydrocarbons might not play a major role in the steam reforming of 

methanol. But some intermetallic compounds are known to readily 

form hydrides in hydrogen containing atmospheres. As in the case of 

carbon-modified palladium, this leads to a strong alteration of the 

electronic and sometimes the crystal structure, as has e.g. been stud-

ied in the case of LaNi5 [194]. Besides hydride formation, decompo-

sition of the intermetallic compounds can also occur as seen in the 

first section, demonstrating the need to prove the stability of the in-

termetallic compound in question under reaction conditions before 

correlating the electronic and crystal structure to the observed cata-

lytic properties. 

These requirements, i.e. to simplify the systems and prove their sta-

bility, can e.g. be fulfilled by performing experiments and quantum 

theoretical calculations on unsupported single-phase intermetallic 

compounds. Experimentally, this allows to detect changes to the ma-

terials much easier and, by proving the stability of the bulk and the 

surface, the resulting catalytic properties can be assigned directly to 
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the intermetallic compound and, thus, to its crystal and electronic 

structure. Quantum chemical calculations can provide information 

about the surface, like adsorption properties and possible reaction 

pathways. In addition, bulk quantum chemical calculations of the 

electron localizability function allow studying the chemical bonding 

in real space [195-196]. These calculations give valuable insight and 

help to understand the stability under reaction conditions. 

To investigate the intrinsic catalytic properties and stabilities exper-

imentally, three different kinds of materials can be used. The first is 

the unsupported intermetallic compound, usually prepared by metal-

lurgical synthesis or in nanoparticulate form. Large single crystals 

represent the second class of materials and so called surface alloys 

the third. While the first is best suited in crushed form for reactor 

studies, the other two represent materials for surface science studies. 

Using unsupported intermetallic compounds as powders in a reactor 

and as single crystals in UHV studies allows to bridge the experi-

mental “materials gap”. Ideally, the usually brittle single crystals can 

be comminuted after being studied in UHV and then be used for re-

actor studies. In addition, unsupported intermetallic compounds also 

allow closing the gap between quantum chemical calculations and 

experimental studies. 

Nevertheless, there are material restrictions that one has to bear in 

mind. Surface alloys can be synthesized under UHV conditions by 

depositing e.g. Zn on a Pd single crystal and allow the Zn to react 

with the first few Pd layers. Complications arise, because the sub-

strate and the surface alloy are usually electronic conducting materi-
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als and the electronic structures influence each other. The surface al-

loy – even if it has the same crystal structure as the corresponding 

bulk-phase – thus possesses a modified electronic structure, which 

might result in altered adsorption and catalytic properties. Similar 

considerations are true for intermetallic compounds in nanoparticu-

late form. Here, size-confinement effects can alter the electronic 

structure compared to the bulk. Since the influence is not known un-

less one compares bulk and nanoparticulate samples, nanoparticulate 

intermetallic compounds are not suitable to determine the intrinsic 

catalytic properties. 

As could be shown in the case of Pd-Ga intermetallic compounds in 

the semi-hydrogenation of acetylene [137,198-200], it is important 

to perform the experimental studies on well characterized and sin-

gle-phase materials, which can be obtained best by metallurgical 

synthesis routes. In contrast to alloys, intermetallic compounds are 

often brittle and allow easy comminution after synthesis, e.g. by 

grinding or milling. Changes of the materials by these treatments 

need to be investigated in order to find the best suited route to gen-

erate higher active surface, while keeping the intrinsic structure.  

The most studied intermetallic compound with respect to methanol 

steam reforming is ZnPd. These studies include the homogeneity 

range, chemical bonding and catalytic tests of the unsupported com-

pound and extensive surface quantum chemical calculations. The 

range of existence of the tetragonal intermetallic compound ZnPd 

(CuAu type of structure, space group P4/mmm, a = 2.8931(1) Å and 

c = 3.3426(2) Å, c/a = 1.16) reaches from Zn37.1(4)Pd62.9(4) to 
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Zn50.9(1)Pd49.1(1) at 1173 K [139]. In contrast to the published binary 

phase diagram, the existence of the cubic high-temperature structure 

could not be confirmed experimentally in this reinvestigation. Quan-

tum chemical tight-binding linear-muffin-tin-orbital (TB-LMTO) 

and full-potential local orbital (FPLO) calculations corroborated the 

experimental results and revealed a charge transfer from Zn to Pd of 

0.4 e-. Chemical bonding analysis by the electron localization indica-

tor (ELI) revealed Pd-Pd interactions in the (001) plane as the driv-

ing force for the tetragonal distortion of ZnPd. The electronic densi-

ty of states (DOS) around the Fermi energy of ZnPd is very similar 

to the DOS of elemental copper and led to the suggestion that both 

should possess similar catalytic performance (Fig. 16) [31,201,202]. 
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Figure 16: Electronic density of states for elemental Cu and Pd as well as for the intermetallic 
compounds ZnPd, PtZn, NiZn and PdCd. The dotted line represents the Fermi energy, while the 
two broken lines indicate the width of the Cu d states. Reprinted from J. Phys. Soc. Japan 73, 
A.P. Tsai, S. Kameoka, Y. Ishii, PdZn = Cu: Can an intermetallic compound replace an ele-
ment?, 3270-3273, Copyright 2004, with permission from the Physical Society of Japan. 

Further quantum chemical calculations show [203] that segregation 

is unlikely in accordance with the chemical bonding situation as de-

scribed above. Out of the low-indexed surfaces, the (111) and (100) 

surface are calculated to be the most stable ones [201,204]. To elu-

cidate the reaction mechanism, the group of Rösch performed sur-

face quantum chemical calculations on ZnPd (111), (100) and 
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stepped (221) surfaces with Pd (221)Pd and Zn (221)Zn, steps. As-

suming the decomposition of methoxide (CH3O) as being the rate 

limiting step in the steam reforming of methanol over Pd/ZnO, den-

sity functional calculations of the C-O and C-H bond breaking were 

performed. On all surfaces, the activation barrier of the C-H bond 

breaking is much lower than breaking the C-O bond, suggesting the 

first step in the decomposition is the abstraction of an H-atom. Nev-

ertheless, calculations on defect-free ZnPd (111) and (100) surfaces 

revealed rather high activation barriers of 93 kJmol-1 and 90 kJmol-1 

for the H-abstraction, respectively [205,206]. In contrast, the activa-

tion energy is lowered to around 50 kJmol-1 in the case of the ZnPd 

(221)Pd surface [207]. The reason for the lower activation energy is 

twofold: i) the reactant CH3O binds weaker to two Pd atoms of the 

step and ii) the resulting product CH2O is bound stronger. For the 

abstraction of the H atom, two possible mechanisms have been iden-

tified. The first proceeds by tilting of the O-bound CH3O towards 

the terrace followed by H-abstraction and possesses an activation 

energy of 49 kJmol-1. In the second case, the C-O bond of the mole-

cule is tilted towards the Pd-terminated step in the transition state 

and the H-atom is placed in an edge-bridge site, resulting in an acti-

vation barrier of 53 kJmol-1. Due to the large differences in activa-

tion energy of flat and stepped surfaces, it was concluded that the re-

action is catalyzed by steps or other defects on the surface. A factor 

not considered in the calculations so far is the presence of ZnO, 

which would result in a very complex system. Taking ZnO into ac-

count would be highly interesting, since the presence of ZnO could 
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have an influence on the catalytic properties according to the exper-

imental studies on supported systems. 

The earliest work on Pd-Zn surface alloys in UHV was performed 

on Pd-Zn/Ru(001) and Pd/Zn(0001) [208,209]. CO TDS on Pd-

Zn/Ru(001) showed, that already very small amounts of Zn decrease 

the CO desorption energy dramatically. The full complexity of the 

Pd-Zn surface alloy(s) has been investigated and is still under inves-

tigation by several groups applying a broad range of methods using 

Zn/Pd(111) as common model system. 

Deposition of Zn on Pd(111) below 300 K leads to elemental Zn 

multilayers, diffusion into the subsurface layers of Pd(111) starts at 

temperatures above 300 K. Temperatures of 400-500 K lead to a 

metastable buckled surface alloy of several layers with a p(2x1) 

LEED pattern (surface alloy 1 – SA1) [202,210,211]. Impact-

collision ion scattering spectroscopy (ICISS) shows, that the Zn at-

oms are sticking out of the surface with a 1:1 composition 

[202,210,212]. At temperatures above 550 K, the Zn of the subsur-

face layers starts to diffuse into the bulk Pd, but the depletion is only 

slightly affecting the topmost layer [212]. At 623 K the diffusion of 

the Zn in subsurface layers has further progressed and a sub-surface 

Zn-diluted "monolayer" Pd-Zn surface alloy is obtained, which ex-

hibits hardly any corrugation (SA2) [211-213]. The changes in the 

electronic structure by going from SA1 to SA2 are remarkable and 

result in a shift of the binding energy of the Pd3d5/2 XPS signal of 

335.3 to 335.6 eV and 335.9 eV for the 1 ML SA2 and a 3 ML SA1, 

respectively (Fig. 17). 
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Figure 17: In situ X-ray photoelectron spectra (Pd 3d, Zn3d and valence band (VB) regions) 
showing the large electronic differences between elemental Pd (black, ex situ), the monolayer 
surface alloy SA2 (blue) and the multilayer surface alloy SA1 (red). The red dashed line in the 
middle panel corresponds to an oxidized ZnO(H) component formed during the in situ spectra 
acquisition. Reprinted from Angew. Chem. Int. Ed. 49, C. Rameshan, W. Stadlmayr, C. Weilach, 
S. Penner, H. Lorenz, M. Hävecker, R. Blume, T. Rocha, D. Teschner, A. Knop-Gericke, R. 
Schlögl, N. Memmel, D. Zemlyanov, G. Rupprechter, B. Klötzer, Subsurface-Controlled CO2 
Selectivity of PdZn Near-Surface Alloys in H2 Generation by Methanol Steam Reforming, 3224-
3227, Copyright 2010, with permission from Wiley-VCH Verlag GmbH & Co. KGaA. 
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If the deposition is performed at 300 K, ZnPd bilayer islands with a 

Pd:Zn ratio of 1:1 are formed, which are shown to be more stable 

than monolayer islands by DFT calculations [213,214]. In contrast to 

SA1 and SA2, a p(2x2) LEED pattern is reported if the layer is an-

nealed at 520 K [215]. STM investigations revealed, that after depo-

sition at 300 K three energetically identical p(2x1) domains are 

formed (SA3) explaining the p(2x2) LEED pattern [213,216]. As in 

the case of the multilayer alloy SA1 the surface of the bilayer islands 

of SA3 is not flat, but buckled with the Zn atoms sticking out 

[210,213]. If the whole surface is covered, additionally deposited Zn 

forms multilayers on top of SA3, which acts as a diffusion barrier at 

ambient temperature [213]. In difference to SA1, heating the Zn-

covered sample to more than 600 K leads to partial Zn desorption 

and partial bulk diffusion of the additional Zn, before at 750 K the 

Zn of the SA3 starts to desorb [213]. As in the case of SA2, the 

buckling of the surface changes to Pd sticking out, as soon as the is-

lands are reduced to one layer in thickness [213]. If the Zn deposi-

tion is carried out at 550 K, the p(2x1) LEED pattern characteristic 

for SA1 and SA2 is observed directly [202,217]. This indicates that 

at this temperature the ordered domains are much larger than after 

deposition at 300 K [217]. More complex surface structures have 

been observed after deposition of > 3 ML Zn at 750 K. This proce-

dure leads to a well ordered ZnPd surface alloy with a (6x4√3/3) 

rectangular LEED pattern (SA4) corresponding to an 8-fold super-

structure compared to the bulk structure [215]. 
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The fcc structure of elemental Pd and the CuAu type of structure of 

ZnPd are closely related. Replacing Pd with Zn in an ordered man-

ner would result in a c/a ratio of bulk ZnPd of 1.41. The experimen-

tally determined ratio of 1.16 is significantly smaller, caused by the 

covalent bonding [137]. A bulk terminated (101) surface of ZnPd – 

corresponding to the Pd(111) surface – would result in a pseudo 

p(2x1) LEED pattern with a´ = 5.2833 Å and b´ = 2.6416 Å instead 

of the ideal values of a = 5.4872 Å and b = 2.7436 Å. Additionally, 

γ´ would be 66.4° instead of the ideal 60.0° and the surface would be 

flat. However, no such deviations have been reported for the SA1 to 

SA4 yet. Since a comparison to the surface of bulk ZnPd is not pos-

sible yet, due to the challenges of growing such a crystal (> 1673 K 

are needed [218], which makes Zn very corrosive), the questions 

whether the underlying Pd(111) structure is causing a regular ar-

rangement and the buckling, e.g. by modifying the electronic struc-

ture, can not be settled yet. The availability of a large ZnPd single 

crystal would also enable to settle the question how representative 

the results obtained for Zn/Pd(111) are for other intermetallic sur-

faces, which are definitively present in supported ZnPd/ZnO cata-

lysts and in polycrystalline unsupported material.  

What becomes clear by CO desorption measurements is the strong 

alteration of the chemical properties of the surface by Zn deposition 

and surface alloy formation. The desorption-maximum temperature 

is decreased by 220 K for SA1 and SA4 compared to a clean 

Pd(111) surface [217,218]. HREELS showed, that the decrease in 

desorption goes hand in hand with a change of CO being adsorbed in 
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three-fold hollow and bridged sites to adsorption on-top for the sur-

face alloy [217]. This has direct influences for the steam reforming 

of methanol, since not only the adsorption of CO is altered, but also 

the activity of methanol dehydrogenation is strongly decreased 

[216]. The dehydrogenation activity starts to decrease at as low Zn 

contents as 0.03 ML and is nearly absent at coverages above 0.5 ML 

[216]. This behavior has been assigned to the changes of the pre-

ferred adsorption sites for the intermediates CH3O and CH2O [216]. 

The former adsorbs on 3-fold hollow sites involving one or two Zn 

atoms, while the latter adsorbs in a bridging mode on a Pd-Zn dimer 

in such a way, that the C atom is bonded to the Pd and the O is 

bonded to the Zn atom. 

Even more striking is the different catalytic behavior of SA1 and 

SA2 in the steam reforming of methanol, which has recently been 

investigated [211]. With the electronic structure, also the catalytic 

properties in the steam reforming of methanol change dramatically 

(Fig. 17). While the thin surface alloy SA2 shows only very low se-

lectivity towards CO2 in the steam reforming of methanol, the multi-

layer surface alloy SA1 shows the expected high CO2 selectivity. A 

thickness of SA1 of as little as five layers is sufficient to induce the-

se strong changes of the catalytic properties. However, until the real 

structure of the working supported or bulk intermetallic catalyst is 

revealed, UHV studies on the clean surface-alloy material are help-

ful for comparison to e.g. Pd, but the catalytically active supported 

or bulk material might be much more complex. 
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Experimental catalytic studies on the bulk intermetallic compound 

ZnPd are very limited. Iwasa et al. synthesized Pd-Zn samples by 

heat treatment of physical mixtures of Pd and Zn at 220 to 673 K 

[219]. The resulting materials were investigated by XRD, which re-

vealed the presence of Pd, Zn, ZnPd and/or Zn6.1Pd3.9 in the samples. 

Accordingly, the observed catalytic properties, e.g. the very low 

CO2-selectivity of only 87.5%, can not be assigned to the intermetal-

lic compound ZnPd. Metallurgic single-phase samples of ZnPd, 

PtZn, PdCd and NiZn were investigated by Tsai et al. [31]. The se-

lection of the compounds was based on two considerations: i) they 

are all isostructural and ii) possess electronic structures which differ 

from ZnPd in the order PdCd < PtZn < NiZn. Fulfilling these crite-

ria, the compounds allow investigating the electronic influence on 

the catalytic properties, since the geometric parameters are very sim-

ilar by going from one compound to the other. The observed selec-

tivities correspond to the expectations from the similarity of the 

electronic structures. At 553 K ZnPd and PdCd show selectivities 

close to 100%, PtZn possesses a CO2 selectivity of 45% and NiZn 

only 10%. From these results, a strong influence of the electronic 

structure could be derived, provided the compound is stable in situ. 

The in situ stability of the unsupported intermetallic compounds 

NiZn, PtZn and ZnPd has been investigated recently by our group 

applying high-pressure X-ray photoelectron spectroscopy in reactive 

atmosphere. When the intermetallic compound ZnPd is heated in 

vacuum to 573 K and a 1:1 molar ratio MeOH:H2O mixture is intro-
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duced subsequently, no changes occur in the Zn 3d signal, as seen in 

the valence band spectra shown in Figure 18. 

 

Figure 18: XPS valence band spectra of ZnPd: UHV conditions at ambient temperature (dotted 
line), in situ after heating to 573 K in UHV and subsequent switching to reactive atmosphere (0.2 
mbar methanol/H2O at a 1:1 ratio, dashed line) and in situ after heating to 573 K in reactive at-
mosphere (full line). Photon energy is set to 237 eV for all spectra. 

On the other hand, heating ZnPd in MeOH/H2O atmosphere from 

RT to 573 K leads to the development of a shoulder at 11 eV in the 

Zn 3d signal, proving the formation of an oxidized Zn species on the 

surface (Fig. 18). For PtZn, very similar results are obtained. Inter-

estingly, the intermetallic compound ZnPd without the oxidized Zn 

species on the surface is catalytically less active in reactor tests by a 

factor of more than 35 compared to the intermetallic compound 

heated in reactive atmosphere. These results show for the first time 
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unambiguously, that ZnPd is not the only component of the active 

sites and that the oxidized Zn species plays a crucial role. On the 

other hand, too much ZnO is detrimental for the catalytic perfor-

mance as proven by studies on supported catalysts. 

The intermetallic compound NiZn undergoes severe surface changes 

under reaction conditions. The untreated surface in UHV consists of 

intermetallic Ni and Zn, as well as oxidized Zn species as detected in 

the Zn 3d region. As soon as the reactive gases are introduced to the 

XPS chamber (0.2 mbar methanol/H2O, 1:1 molar ratio, 573 K), the 

surface of the compound changes dramatically (Fig. 19). 

 

Figure 19: UHV (dashed) and in situ (full line) XPS valence band spectra of the intermetallic 
compound NiZn. Under UHV conditions, the metallic character is clearly seen at the Fermi ener-
gy. In reactive atmosphere, the Zn is completely oxidized and the density of states at the Fermi 
level is lost, indicating an oxidic overlayer. The incident photon energy is 301 eV for both spec-
tra. 
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The intermetallic Zn on the surface is completely oxidized accom-

panied by a complete loss of the Ni core level signals in the most 

surface sensitive measurements. Thus, the methanol/H2O mixture 

leads to segregation to and complete oxidation of the intermetallic 

Zn on the surface, forming a non-metallic and Ni-free surface layer 

on the surface of the compound. In the case of the intermetallic 

compound NiZn, the observed catalytic properties can not be at-

tributed to the compound itself, but to the generated decomposition 

products. 

The results of these investigations show, that the intermetallic sur-

face of these three compounds is altered under reaction conditions. It 

would also have been very hard to detect the changes on a supported 

catalyst due to the presence of large amounts of ZnO, disguising the 

newly formed oxidized Zn species. The investigations demonstrate 

the advantage of using unsupported intermetallic compounds to 

study the role they (or their decomposition products) play in metha-

nol steam reforming. These results also show that when investigat-

ing unsupported intermetallic compounds as catalysts, attention has 

to be paid to two issues: a) analysis is simpler on single phase sam-

ples and b) the in situ stability should be confirmed. Otherwise the 

identification of the intrinsic catalytic properties is hindered. 
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