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Chapter 7 

Mechanochemically prepared 
Cu/ZnO catalysts 

7.1 Introduction 
By means of mechanochemical methods, Cu/ZnO mixtures can be prepared that are 
active as ca,talysts for synthesis of methanol. In this chapter, we discuss preparation 
of Cu/ZnO from the Cu and Zn oxides, hydroxides and hydroxy-carbonates of which 
separate milling has been described in chapter 6. Reactions may take place between 
the solid components in addition to the solid-gas reactions that have been investigated 
before. Mutual interaction between solid-gas and solid-solid reactions may thus also 
take place, and is a function of the partial pressures of the various constituents of the 
surrounding atmosphere. Intimate mixtures are required to obtain a catalyst with high 
activity. While the solid solubility of CuO in ZnO is only 2-4% [1], mutual solubility 
has been described to increase significantly for anion-modiheation, i.e., in the presence 
of OH" and C 0 3

2 " anions [2], Mechanochemical reactions between the compounds play 
a role in obtaining an intimate mixture of metal cations and may also be employed to 
achieve an optimum ratio between the concentrations of the various anions. Moreover, 
the influence of the oxidation state on the degree of mixing can be investigated. It has to 
be realised that whether a reaction takes place is strongly determined by the formation 
enthalpies of both CuO and ZnO. As Zn oxidises much easier than Cu, Zn is virtually 
entirely oxidised in all samples, whereas Cu can be present in either metallic or (partly) 
oxidised form. As this is also the state in which the catalyst is active (see section 7.1.2), 
this is a realistic and practically applicable situation for investigation of this system. 

By reduction in hydrogen, the materials obtained become active catalysts for the 
synthesis of methanol from 'synthesis gas' (a mixture of CO, C 0 2 and H2), which will be 
further introduced below. This second approach deals with the interactions within these 
(reduced or unreduced) catalysts and between the catalysts and the synthesis gas, in order 
to contribute to the ongoing discussion about the catalytic system under consideration. 

7.1.1 Methanol synthesis 

The field of heterogeneous catalysis deals with reactions of molecules from a gas phase 
on a solid-state surface. After adsorption, selective conversion occurs to the desired 
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product, which is strongly dependent on the composition and structure of the catalyst 

used. Copper-containing catalysts are w ldely used in mdustry for the hydrogénation and 

dehydrogenation of organic functional groups. Synthes1S of methanol from synthes ï gas 

n i s turn produced from natural gas (CH4) or coal, is one of the mam application S i è 

to its large and stall mcreasmg industrial importance, this has become one of the best 

t atouts"!!111 h
t
e te r0gene0US C a t^S 1 S ; T h e » ^ P-duction volume amounts 

ach year E x c ^ f ** T™ ( 2 ° ° 0 ) ' ^ ^ $ 1 2 b m i o n l n e ™ c - t i v i t y 
each year. Except for use as a solvent it is used as an intermediate product for subsequent 
a n d t X T h a 0 id 6 r tTf " " * " " ^ ^ -id, Methyl terephSIt 

Prodis It can 'l ^ " ^ " " 7 * * * * V™™ °f & ̂  ™^Y * chemical products. It can also be used as a clean synthetic fuel, e.g. in fuel cells or convertpd 
to high-octane gasoline by the methanol-to-gasoline (MTG) proce . M o r l ^ u d 
methanol is much easier and cheaper to transport than m e t k n e , which isTow often 
burnt to no use during oil exploration, but could easily be converted to methanol 

The commercial methanol synthesis consists of hydrogénation of carbon monoxide or 
of carbon dioxide according to the following reactions: 

CO + 2 H 2 ^ C H 3 O H Ail« = - 9 1 . 0 kJ/mol (7.1) 

C 0 2 + 3 H 2 ^ C H 3 O H + H 2 0 Aff° = - 4 9 . 8 kJ/mol (7.2) 

CO + H 2 O ^ C 0 2 + H2 A / / ° = - 4 1 . 2 k J / m o l (7.3) 

COaCti0As7t3héSf the W
f
aterga

f\
shif' r e a c t l o n a n d interconnects the formation of CO and 

C 0 2 . As the formation of higher alcohols and hydrocarbons involves a more nega
t e change of the Gibbs free energy and therefore is t h e r m o d y n a m i c ^ much more 

S t T a s a
 a

Z n ^ /
C

c
t l V e

o
C a t a l ^ t 1S ̂  for the formation of methanol. The first cat

alyst was a Z n O / C r 2 0 3 compound introduced by BASF m 1923 operated at InVh t P m 

perature and pressure (573-633 K and 25-35 MPa). During the J d s^Tes a S / Z n S 
catalyst was developed by ICI which was more active a n d ' c o u l d ' e op l d Ï 
temperatures and pressures (493-553 K and 5-10 MPa). To improve catalyst staWhtv 
under process conditions, support materials are commonly used such as Ä S f o 2 and 

at no?K:SiS SaS Can b e ° b t a m e d b y S t e a m r e f o r m l n g °f m e t h a n e °ve r a Ni/A1
2°3 catalyst 

CH4 + H 2 0 <-> CO + 3H2 

By changing the réaction conditions, C 0 2 can also be formed. A common composition 
for syn-gas- used m methanol plants is a C 0 2 / C 0 / H 2 mixture with ratio 5/20A5 

7.1.2 Structure and active site 

!3Taitrfh?vlty of w / Z n 0 catalysts appears to be l i n e a i i y ^ ^ - ** 
metallic Cu surface area, but is strongly increased by the addition of ZnO For this 
reason, ZnO is called a promoter. Various other oxides also have a promoting effec bu 
ZnO combines high activity with low environmental load. Consensus has been reached 
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in literature that a high activity can be obtained by an intimate mixture of Cu and ZnO 
(or Cu-Zn-Al/CrO*) [3, 4]. This is the reason why Cu/ZnO catalysts are conventionally 
prepared by coprecipitation of Cu(N0 3 ) 2 and Zn(N0 3 ) 2 solutions with subsequent ageing 
and calcination (i.e., a heat treatment in air). During coprecipitation, N a 2 C 0 3 acts as 
a precipitation agent, and a mixed Cu-Zn hydroxy-carbonate is formed. The presence 
of high concentrations of OH" and C0 3

2 ~ anions explains the intimacy of these Cu-Zn 
mixtures. Several phases are formed, of which rosasite, aurichalcite and hydrotalcite (a 
Cu/Zn/Al compound) are thought to be the most important for obtaining high activity 
and stability, although this is still under discussion. 

During calcination in air, the material transforms to a mixed oxide, which can then be 
activated by reduction in hydrogen. CuO reduces to (mainly) metallic Cu, whereas ZnO 
remains unreduced. Except for its function as a promoter, ZnO is generally considered to 
provide a support for the metallic Cu, in order to keep it in a well-dispersed form, whereas 
the support material, such as A1203, is believed in turn to stabilise a high dispersion of 

ZnO. 
Despite the large industrial importance and decades of research, controversy still exists 

about the structure and the nature of the active site for methanol synthesis. The main 
current hypotheses about the active site of the Cu/ZnO catalyst are: 

Cu° A linear correlation between the total surface area of metallic Cu and the yield of 
methanol suggests that metallic Cu is the active site in methanol synthesis [5, 6, 7]. ZnO 
and A1203 are believed to serve merely as a support, maintaining high Cu° dispersion. 
This theory however does not account for the role of the promoter, which increases the 
activity by orders of magnitude as compared to pure Cu, or Cu /S i0 2 . The latter effect 
is especially visible when very pure components are used, and when CO/H 2 is used as a 
synthesis gas instead of C O / C 0 2 / H 2 . 

Cu+ A relation between the surface Cu+ concentration and the activity [8, 9] supports 
the suggestion that CO is adsorbed on Cu+ rather than on Cu° [10]. This is further 
substantiated by observations that over-reduction of a catalyst (prolonged heating in a 
mixture of high reduction potential), leads to high Cu° and low Cu+ contents and causes 
deactivation. Limited amounts of adsorbed oxygen on the other hand, provided by either 
0 2 , C 0 2 or H 2 0 , have been found to promote the reaction [11]. High concentrations 
however have an inhibitory effect. A certain ratio between Cu+ ions and metallic Cu is 
apparently required for optimum activity. With increasing oxygen coverage, the activity 
increases linearly, passes through a maximum and then decreases [12, 13]. 

Junction effect A so-called junction effect between metal and oxide is suggested to 
promote the formation of ionised oxygen vacancies in ZnO [14]. These vacancies are 
proposed to be an active site in the dissociation of hydrogen, as well as in the adsorption 
and activation of CO, thus promoting the synthesis of methanol. However, the theory 
has met opposition on various arguments [15]. 

Dynamic behaviour as a function of the reductive or oxidative potential of the atmo
sphere may explain the different observations that justify the preceding theories. Metallic 
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C u ^ t e l T P r 0 P ° S 1 t 0 b ; ° n t 0 P ° f Z n ° m t h e f 0 r m ° f flat m ° b i l e e P l t a x i a l l y bound 
tlttllt r ^ f , ^measurements on C u / C r 2 0 3 [2]. After a müd oxidative 
treatment Cu is found to re-dissolve into the ZnO matrix as Cu2+, but returns to the 
surface as Cu platelets after reduction. Alternatively, migration of partly reduced ZnO 
Z n U l r I ) on top of Cu may take place in reducing atmospheres. An explanation for this 

behaviour is the decrease of the surface energy, which is lower for ZnO than for Cu f 161 
A promoting effect has indeed been observed for small Zn coverages on C u ( l l l ) planes 

optimum for coverage *Zn=0.17) [17]. These sftes were suggested to be more r e a c t L for 

the hydrogénation of formate [18]. The active sfte is either explained by oxygen vacan

cies at the Zn-O-Cu interface [19], or by the reversible formation of C u i n surface alloys 

18, 20] Zn-enrichment of Cu surfaces has also been observed by means of Low-Energy 

U S ZnO." ( ? " C u / Z n ° / S l ° 2 ^ ^ "* *as been explained as p a r t ? 

I v s t f TT'T01 I T " 1 ' 1 6 8 6 X 1 S t for t h e d e t e r m i n a t i ™ oî the structure of Cu/ZnO cata-
tysts. The values of the atomic radii, ionic radii and atomic weights do not differ much for 

notât XR», ÎX t d l S betW6en CU and Zn diffiCUlt fOT a nUmbCT °f ****». 

7.1.3 Reaction mechanism 

Although it is claimed that during industrial methanol synthesis C 0 2 is predommantlv 
hydrogenated [23, 24] some debate still eX1sts on the issue [12]. In this s i d y w e T o s e 
to investigate CO hydrogénation as it provides a connection with a multitude of earlier 
fundamental literature on low-pressure CH3OH synthesis. The mechanism for production 
of methanol from CO and H2 can be represented as follows-

H2(g) <-> 2H(ad) 

CO(g) <-* CO(ad) 

(7.5) 

(7.6) 

COH,(ad) + H ( a d ) ~ C O H ü + 1 ) ( a d ) ( j = 0 , l , 2 ) ( 7 J ) 

COH3(ad) + H(ad) <-» CH3OH(g) , ? g* 

Adsorption takes place at preferential sites, on the metal, oxide or on the interface, and 

L H r ! w t e 7 e r a t U r e ' P r e S S U r e a n d S U r f a C e C 0 V e r a S e ' T h e m o s t important inter
mediates that are detected however are formate (HC02) and methoxy (OCH3) species 

p a ° r l x°idfsed f"' F ° r m ? T ° f formate " a n m d l C a t i 0 n t h a t ^ ° ™ a partly oxidised surface, m which an oxygen ion, bound to two Cu+ ions participates in 
he reactiom This state can also be formed from a fully reduced catalyst b u d d l n 

of C 0 2 to the syn-gas. This may explain the promoting effect of a small content of an 
oxidismgagen Hydrogen ions are believed to dissolve m the bulk and plav a role m the 
stabilisation of the Cu° and Cu+ particles on top of the ZnO [2]. Another possible route 
is proposed by the formation of formate on the surface of ZnO with the creation of an 
oxygen vacancy [25]. It seems as if creation of oxygen vacancies m ZnO nd redu t io" 
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of partially oxidized Cu° may occur under similar conditions, and are therefore well con
nected. This view is supported by the stabilisation of methoxy species under methanol 
decomposition, which occurs exclusively in case ZnO is present in the catalyst, suggest
ing the presence of a Cu-Zn interfacial structure that is required for stabilisation of this 
species [26]. As the rate-limiting step, some investigators propose the hydrogénation of 
formate, although calculations point out that various other routes are possible. As the 
focus of this chapter is on the structure of the solid state, the reaction mechanism will 
not be investigated deeply. 

7.1.4 Preparation of Cu/ZnO catalysts by mechanical milling 

Mixed Cu/Zn oxides can be prepared by mechanical milling, as has been shown in two 
earlier exploratory studies [27, 28], With this technique, it is possible to obtain intimate 
mixtures of Cu and Zn. This method has several advantages for investigation of this 
system over coprecipitation: 

• As coprecipitation requires precise control of temperature and pH, reproduction is 
usually poor, and metal loadings (concentrations) always vary. During mechano-
chemical preparation the metal loadings remain constant, which enables closer study 
of other variables. 

• Concentrations of anions can be varied by change of precursors (initial materials) or 
milling conditions, which permits study of phases other than hydroxy-carbonates. 
The role of the anions and of the different phases created in the formation of a 
desired structure may thus be investigated. 

• Mechanochemical preparation provides an efficient way to observe a solid-state re
action at low temperature and under mild reaction conditions. While the reaction 
proceeds at the surface, it will become visible in the bulk and may thus be observed 
by bulk detection methods. Examination of reactions under conditions far from 
equilibrium may thus provide additional insight in the mechanisms that play a role 
during activation. By variation of the initial oxidation state of the Cu cation, reac
tions at the Cu-Zn(oxide) interface can be studied, which may help to understand 
interactions between the catalyst components under reaction conditions. In this 
way, the effect of the oxidation state on the activity may be elucidated. 

• During mechanochemical preparation, no waste products are produced; the precur
sors are entirely converted into the resulting catalyst. 

• Finally, the possibility of regeneration of a catalyst by mechanical milling deserves 
attention, as recycling of materials is nowadays strongly desired in order to reduce 
the environmental burden. 

During mechanochemical preparation of catalysts, special attention should be given 
to the milling equipment: a considerable contamination with Fe may affect the selectivity 
towards methanol synthesis, as was shown in ref. [28] with mechanochemically prepared 
supported Cu/ZnO catalysts using different milling equipment. The vibratory ball mill 



108 
CHAPTER 7 

that is used here generally gives rise to particularly low contamination and is therefore 
especially suitable for catalyst preparation. 

In this chapter, it is reported how Cu/ZnO catalysts are prepared from oxides, hydrox
ides and hydroxy-carbonates by ball milling. The structure of the as-prepared samples 
is investigated as well as after subsequent decomposition and reduction. Surface areas 
are determined and compared to those of the separately milled samples (chapter 6) For 
reasons of simplicity we have initially chosen for a binary catalyst, instead of the A1203-
supported ternary catalyst that is commonly used in industry. Moreover, the unreduced 
binary system has a more homogeneous composition, which is convenient for preparation 
b> ball milling and leads to a well-defined mixture. We have chosen to use a Cu to Zn 
atomic ratio of 30:70, which yields a catalyst with optimum activity [29, 301 Finally we 
investigated Cu/Zn/Al catalysts with atomic ratio of 45:45:10, which is expected to give 
optimum activity [31, 32]. As this is the type of catalyst that is commercially used a 
comparison with industrial reaction conditions can be made, leading to further prospects 
of this preparation technique. 

7.2 C u / Z n O prepared from Cu and Zn oxides 

111 order to investigate the interaction between copper oxides and ZnO, preparation of 
Ui /ZnO catalysts from oxidic precursors is discussed. Depending on the 0 2 partial 
pressure oxidation or reduction reactions take place. Formation of carbonates is observed 
when milling is carried out in the presence of C 0 2 , which affects the mutual solubility 
of CuO and ZnO by anion-modification. BET and Cu° surface areas and low-pressure 
catalytic activity of the samples are compared. 

7.2.1 Experimental 

Cu/ZnO catalysts were prepared by mechanical milling of oxidic Cu/Zn mixtures m 
a vibratory bal mill. The milling conditions and the materials used are the same as 

àZriïZv m "pPpfnV a n d 6-3-L A d d i t i o n a 1 1^ Z n Powder (between 45 and 
150 /xm, 99.999% pure, CERAC) was used as a precursor. For all mixtures, the Cu to Zn 
atomic ratio was 30:70. 2 g of the mixtures were milled for typically 200 h Except for 
vacuum synthetic air and C 0 2 , a mixture of synthetic air and C 0 2 was used as a milling 
atmosphere with the 0 2 and C 0 2 partial pressures set approximately equal (0.4 bar) 

The conditions for the various temperature-programmed techniques are roughly the 
same as those mentioned in section 6.2.1, but differ in a number of details The TGA 
temperature programs for pre-treatment and reduction differed for samples that were 

Ï I ' F fir" °f C°2' for WhlCh t h e t e m P e r a t u r e <* 523 K was held during 
30 mm. For BET measurements, the same temperature programs for pre-treatment and 
reduction have been used as for TGA. Prior to TPR, samples that were milled in the 
h dednnrml ^ ^% ^ f d * h e a t i n g l n A r "* 600 K/h up to 773 K, which was 
ÏÏÏ ;Pnt Cr SampleS ' " t e m P e r a t u r e P ^ a m for pre-treatment was 
u ed identical to the one for TGA. The error in the Cu« specific surface areas is about 
10%, whereas m the BET surface areas it is in the order of 15%. 
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Sample Milling degree Cu red. degree Cu red. TMSX. reduction mean TredUct 
conditions (TGA) [%] (TPR) [%] (TGA) [K] (TPR) [K] 

;ion 

Cu/ZnO synth. air 104.9 107 432 484 

Cu20/ZnO vacuum 43.7 45 383 435 
Cu20/ZnO synth. air 94.4 98 414*, 442 480 
CuO/ZnO vacuum 91.0 93 412* 459 
CuO/ZnO synth. air 105.7 103 409* 443 

Table 7 .1 : Analytical data of'Cu-, Cu20-orCuO-, and ZnO-containingmixtures milled 
under vacuum or in synthetic air (*: see text) 

For samples milled in C 0 2 , two subsequent DSC traces were taken at a heating rate 
of 600 K/h up to 823 K. By subtraction, decomposition traces were obtained. 

Methanol-synthesis activity measurements (section 2.5.4) were carried out at a pres
sure of 2 bar with CO/H 2 . Prior to synthesis, pre-treatment in He and reduction in H2 

were carried out in-situ at a flow of 30 ml/min following the thermal treatment described 
for TGA. 

The contamination of the milled samples, as determined by ICP-AES, mainly consists 
of Fe and was well below 1 at.% for most samples. Within the experimental error, 
the Cu:Zn atomic ratios had remained unchanged. Differential dissolution was used for 
determination of the stoichiometry of separate phases. The samples were investigated 
by means of high-resolution TEM both after milling and after subsequent reduction and 
passivation. 

7.2.2 Cu/Zn oxides milled under vacuum or in synthetic air 

Oxidation and reduction through an intermediate structure 

Analytical data of Cu/Zn oxide mixtures that have been milled under vacuum or in 
synthetic air are summarised in table 7.1. The H2-reduction data can be compared 
to the data on unmilled and milled Cu samples that are given in table 6.1. As ZnO 
lias a much more negative energy of formation than CuO, ZnO is assumed to remain 
unreduced in H2 at the applied conditions. Both oxidation and reduction during milling 
can be observed: in synthetic air (s.a.), Cu/ZnO and C u 2 0 / Z n O are almost entirely 
oxidised to the level of CuO/ZnO, whereas by milling under vacuum the oxidation levels 
of Cu 2 0 /ZnO and CuO/ZnO decrease. The TGA oxidation levels are well reproducible 
within approximately 3%; the TPR errors are about 5%. 

XRD patterns (figure 7.1) also indicate the occurrence of mechanochemical reactions, 
but in a more complex way. All patterns show broadened diffraction peaks, typical of 
milling. The diffraction pattern of ZnO can be clearly identified for all samples. Between, 
some reflections characteristic of Cu, C u 2 0 and CuO can be observed. These are labelled 
in the figure for easier recognition. 

In Cu/ZnO/s.a. (synthetic air) and in Cu 2 0/ZnO/s .a . (figure 7.1a and 7.1c), some 
CuO can be observed indicating oxidation, but especially C u 2 0 reflections can be clearly 
identified. In Cu 2 0/ZnO/s .a . , these C u 2 0 reflections are unusually large relative to the 
ZnO reflections as compared to unmilled Cu 2 0 /ZnO. The ratio of the intensity of the 
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29 [deg] 

F i g u r e 7 .1 : XRD patterns ofunUed (a) Cu/ZnO/,*., (b) C,20/ZnO/vac. (c) 

arfJotl/^' } Cl;h
0/Zn0/Vac and & CuO/ZnO/,, Thepatternl 

are plotted on a logarithmic scale. ZnO reßections are represented by dia-
îTtoncis. J 

(200) C u 2 0 reflection to the other crystalline reflections is about 8 times as W e is 

than 3 S I f^ g n a l ' L e ' r 1 U d m g t h e b a c k S ' r o u n d contribution, its size is still more 
han 3 times as large as m the unmilled mixture. The presence of C u 2 0 is even more 

remarkable when l t s considered that nearly complete oxidation to the leve o C u o T 
occurred, so that only a small fraction of C u 2 0 is to be expected. One x ^ t i o n m a ! 
be a specific orientation of C u 2 0 crystals, but as both the (200) and the7SoUeZüZ 
of the cubic crystal are well represented this is not very probable. It l s 2 r e l ^ Z l 
Cu 2 0 is wel dispersed onto the ZnO, which is also indicated by the broad diff L i o n 
Imes. Tins (intermediate) state may even partially consist of ZnO and s probaMv he 
configuration m which further ox l dation to CuO occurs. According to r e f ^ i C u + 

may substantially dissolve into the ZnO lattice, m contrast to C u - , M Cu O z J o / s a 

oÏdSf toCerS eVentUally diSaPPear after m ° r e th- 4 0° h °f W Ä Ä 
The opposite is the case for CuO/ZnO/vac (figure 7 Id) in which hntl, r s , n A 

shoulder of CuO are visible. In Cu 2 0/ZnO/vac (figure 7 b not onlv Cu O S,t 1 & 

anld CuOahSma11 Sh0meT ° f C U ° Can b e Seen ' ^Propoln^r i ^ O nto t 
v i ] V, S a P n a r e n t l y t a k 6 n P l a c e - A S a t S h 0 r t e i - m i U i n S times CuO is more cleariv 
vis l bk, whereas Cu cannot yet be observed, a CuO structure is apparently formed fiTst 

s: ;t
si6b

2T:hy r e d r r ° c
f
u-This wouu be * - « - ^ ^ ä S ä 

eduction o i p m e Cu O 7 *1T ^ ° ^ " » ^ b e m °hs^d b u t ™ of pure Cu 2 0 , making t k s mechanism more probable than direct reduction of 
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• 

l.Ö-nm 

F i g u r e 7.2: TE micrograph of Cu20/ZnO milled in synthetic air 

Cu 2 0 to Cu. 
As can be expected, in the pattern of CuO/ZnO/s.a. (figure 7.le) only ZnO and 

(shoulders of) CuO are visible. This clearly indicates that no reduction or oxidation has 
taken place in this sample. 

By means of electron diffraction, the same d spacings are observed as found by XRD. 
Diffuse rings with some bright spots observed in Cu 2 0/ZnO/s .a . indicate the presence 
of nanocrystalline material. With TEM carried out on the (thin) edge of the particles of 
CuO/ZnO/vac, some small crystallites with a size of around 10 nm can be observed. High-
resolution TEM measurements on Cu 2 0/ZnO/s .a . (figure 7.2) confirm that most of the 
material is nanocrystalline rather than amorphous, with crystallites between 2 and 8 nm. 
Crystallites that are situated on the edge of the particle appear entirely crystalline and do 
not exhibit an amorphous layer. The crystallite sizes scale well with the sizes that were 
determined from the X-ray diffraction lines, which are 6 nm for ZnO in CuO/ZnO/vac, 
and 3 nm (Cu20) and 5 nm (ZnO) for Cu 2 0/ZnO/s .a . EDX shows that the composition 
is more or less homogeneous throughout the sample, independent of the crystallite size. 

ZnO apparently serves as a support on which Cu oxides can be stabilised, as Cu20-like 
intermediates have not been observed in similar experiments on Cu and Cu oxides without 
ZnO (section 6.2.2). The direction of the net reaction is dependent on the amount of 
oxygen present in the sample and the 0 2 partial pressure in the milling vial. The presence 
of non-stoichiometric Cu oxides indicates a significant influence of the structure of ZnO 
and the defect concentration. It may be noted that ZnO is an n-type semiconductor that 
can easily form an excess of interstitial Zn2 + and e", whereas C u 2 0 is a p-type forming a 
deficit of Cu+. Oxygen ions may then be built into the C u 2 0 matrix, being compensated 
in charge by Zn2+ . Although speculative, this mechanism would explain both the high 
intensity of the (200) C u 2 0 reflection and the oxidation and reduction reactions. The 
presence of superstoichiometric O in C u 2 0 thus explains the high oxidation level, while 
reflections of C u 2 0 remain visible. 

Differential Dissolution (DD) of Cu/ZnO/s.a. and Cu 2 0/ZnO/s .a . shows simultaneous 
dissolution of Cu and Zn at constant stoichiometry. Consequently, very good contact 
exists between Cu and Zn and even mixed oxide compounds may have been formed. For 
CuO/ZnO/s.a. , a good mixture of Cu and Zn is observed as well, since DD does not show 
the presence of pure Cu or Zn containing phases. However, the Cu concentration increases 
over 5% during solution of this sample, which indicates that this sample is slightly less 
homogeneous. 
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Figure 7.3: (a) TGA reduction proßles and (o) TPR ^-consumption patterns of 
Cu(oxides) and of Cu/Zn oxide mixtures 

H2-reduction patterns and catalyst structure after reduction. 

specks, lor the TPR hydrogen-consumption patterns (figure 7.3b), the peaks are nosi 
tioned at higher temperatures than for the TGA reduction profiles figure 7 3a) and are 
broader This is attributed to a higher heating rate for TPR a s weh as a be ter hel 
transfei. f t h e k V a n o u s ^ . ^ ^ ^ better hea^ 

t?e eS ;S
e cLThe r ;ef " * ^ ^ ^ t 0 " ^ <"*=«* C °° r d l n a t - s t r « o 

renlTnn iT v ^ ' ^ ^ t emPe ra tu re s a r e ̂ e n instead in table 7.1. All 

t ie TGA data " P ° S l t l ° n S " ^ T ? R r e d U C t l ° n P a t t e m S a r e * a c c o r d — with 
The low reduction temperature (for both reduction patterns) of Cu20/ZnO/vac con 

to the presence of a significant amount of Cu° catalysing the r e d u i n o f Z Z y 

CuO/zJo 1' '"""I &I1 T^lT P e a k ° f C u 2 ° / Z n ° / s - a - a«d the reduction profiles of both 
CuO/ZnO samples, labelled by an asterisk m table 7.1, are very steep and positioned at 
relatively low temperatures. Reduction is accompanied by an additionalTeuperatu 
rise of a few degrees, similar to the case of CuO samples m section 6.2.3, indicating th l 
reduction proceeds very quickly and exothermically. In these samples, the p es nee of a 
relatively easily reducible CuO species is assumed, with freshly reduced Cu°autocataÏvt 
ically enhancing further reduction 1331 T P R ̂ , „ - + J- \ , autocataiyt-
for CuO/ZnO samples ' ]' " -termediate reduction temperatures 

Cu/TZnOS/s7d iTGAl K e d U f ° n P e a k ° f ^ O / Z n O / s . a . and the reduction profile of 
Cu/ZnO/s.a. are much broader and positioned at a higher temperature. For the TPR 
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patterns of these samples, the peaks are also positioned at the highest temperatures. 
The higher reduction temperature of this species is associated with closer intimacy with 
ZnO and presence of Cu 2 0 . Comparison of the XRD patterns and the TPR reduction 
profiles indicates the relation between occurrence of C u 2 0 and an increase in the reduction 
temperature. Moreover, higher reduction temperatures for copper samples milled without 
ZnO have not been observed (table 6.1). This delaying effect of ZnO on the reduction of 
CuO has also been found to be accompanied by the existence of stable C u 2 0 by Ruggeri 
et al [34]. 

After reduction in H2, the XRD patterns show narrower diffraction lines of metallic 
Cu and ZnO as compared to the as-milled samples, indicating larger crystallites. TEM 
measurements carried out on CuO/ZnO/vac after reduction and passivation with N 2 0 
also show a slight increase in crystallite size (10 nm and larger) as compared to sizes 
observed prior to reduction. This is not unexpected after reductive, i.e. hydrothermal 
treatment. 

All samples show enhanced surface areas as compared to copper (oxides) and ZnO 
that have been milled separately. These data are shown in table 7.3 and will be further 
discussed in section 7.2.4. 

Mechanochemical preparation from a C u O / Z n / Z n O mixture 

As mechanical milling of mixtures of Cu and ZnO as well as the occurrence of a mechano
chemical reaction seem to be advantageous for obtaining high surface areas, a mixture 
of CuO/Zn/ZnO has been milled under vacuum (with an atomic ratio of Cu:Zn=30:70). 
The (redox-)reaction that may occur in this mixture is CuO + Zn -> Cu + ZnO, which is 
strongly exothermal. Similar preparation of Cu/MgO samples from C u 2 0 and Mg has led 
to good catalytic properties [35]. In case the occurrence of a mechanochemical reaction 
would be the most important factor, high surface areas would thus result. 

We find a (TPR) oxidation level of 5% for Cu, signifying that most CuO has undergone 
a reaction with Zn. The mean reduction temperature is 410 K, which indicates a poor 
contact between the oxidised part and ZnO. The mean particle size is 7.5 ßm. As the 
Cu° surface area is only 0.5 m 2 /g , we have to conclude that more factors are needed for 
obtaining a well-dispersed material. Probably, the high ductility of Cu limits the surface 
area for this mixture, which may be the reason that higher surface areas are found for 
mixtures of oxides. Moreover, during H2 reduction no alteration of the structure occurs 
that could give an increase in the Cu° dispersion, as the main part is already in the 
reduced state. 

7.2.3 Cu /Zn oxides milled in the presence of C 0 2 

Carbonate formation 

XRD patterns of Cu/Zn oxide mixtures that have been milled in the presence of C 0 2 are 
shown in figure 7.4. A small halo can be observed, indicating material that is amorphous 
or consists of very small crystallites. 

Carbonates are formed during milling of CuO or ZnO in C 0 2 (sections 6.2.2 and 
6.3.3), and Cu/Zn oxide mixtures also give rise to the formation of carbonates under 
these conditions. DSC traces are shown in figure 7.5a, indicating decomposition of these 
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Figure 7.4: XRD patterns of milled (a) Cu/ZnO/C02, (b) Cu/ZnO/s.a+C02 (c) 
C^0/ZnOCO (d) Cu20/ZnO/,,+C02, (e) CuO/ZnO/C02 and (f) 
CuO/ZnO/s.a.+C02. The patterns are plotted on a logarithmic scale ZnO 
reflections are represented by diamonds. 

carbonates. Various carbonate species are formed of which mean decomposition temper
d e formed J p

C O m p O S l t i « h a l P - « « g - en in table 7.2. Most mixed carbonates that 
are formed decompose at higher temperatures and have higher decomposition enthalpies 

214 kJ/mol) This indicates a higher stability of the C 0 3
2 - anion for mixed Cu/Zn 

samples and intimate contact between Cu and Zn ' 

The amount of carbonate formed is higher for high C 0 2 partial pressures (i e for 
n hng m CC, instead of s . a . + C0 2 ) , as well as for high Cu oxidatio/levels. Moreover 

both decomposition temperatures and decomposition enthalpies are higher for high oxi 
dation levels, indicating the formation of a more intimate Cu/Zn mixture A p p a r e n t 
m he presence of C 0 2 , good mutual solubility exists between CuO and ZnO and p 0 r 

s'Sion S r \ C U °r °KU2? and Zn0' ThlS 1S SUPPOTted * the obsédions in section 6.2.2 hat carbonates can be formed in CuO rather than in Cu and C u 2 0 Milling 

rCOrerSa°th^ 1 e'en 2 ° / Z n ° f C ° 2 WÜ1 therefOTe mitla11^ #» ^ t0 f™"-of ZnC0 3 rathei than CuC0 3 or mixed carbonates. Whereas solubility of CuO in ZnO is 

ÄÄ^[1]'Yuneva et al [2] have also observed a — ~ 
Oxidation and reduction 

Oxidation levels (table 7.2) have been determined m two ways: by combination of DSC 

1 ? I ' Y d e t e r m i n a t l o n «f H2 consumption (TPR), with errors in both 
methods of approximately 5%. During milling, an increase of the oxidation levels of 
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CuO/ZnO/s.a.+C02 
CuO/ZnO/s.a.+CO. 

523 573 623 673 723 773 823 383 393 403 413 423 433 443 453 463 

Temperature [K] Temperature [K] 

Figure 7.5: (a) DSC traces and (h) TPR H2-consumption patterns of milled Cu/Zn 
carbonate mixtures 

Sample Milling amount mean Aiîdec. Cu red. Cu red. mean 
conditions CO32- ^ decomp. [kJ/mol (TGA) (TPR) ^ reduction 

[%) [K] co3
2-] [%) [%] [K] 

Cu/ZnO co2 
26.8 612 335 6 5 402 

Cu/ZnO s.a.+C02 20.8 676 528 63 68 421 
Cu20/ZnO C0 2 31.4 610 345 36 34 405 
Cu20/ZnO s.a.+C02 33.4 743 622 88 94 429 
CuO/ZnO co2 

44.4 732 577 86 81 423 
CuO/ZnO s.a.+C02 33.6 709 613 92 99 427 

Table 7.2: Analytical data of Cu-, Cu20- or CuO-, and ZnO-containing mixtures milled 
in the presence of CO2 
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Cu/ZnO and Cu 2 0 /ZnO has occurred in a mixture of C 0 2 and synthetic air. In C 0 2 

alone the oxidation levels of Cu 2 0/Zn( ) and CuO/ZnO have decreased to a further extent 
than during milling of these mixtures under vacuum (table 7.1). 

In the XRD patterns (figure 7.4), reflections characteristic of Cu, C u 2 0 and CuO are 

labelled for easier recognition. No C u 2 0 or CuO peaks are observed, although a CuO 

shoulder is visible in most patterns (b-f). Apparently, CuO has partially dissolved into 

d t t d bXW* m a m l y a m 0 r p h 0 U S ' ° r h a S c r y s t a l l i t e ^ that are too small to be 

In the patterns of Cu/ZnO (a,b) and in C u 2 0 / Z n O / C 0 2 (c), a significant amount of 

for M 7^7 ntrn w * ™ ^ °f ̂ Z n ° / C ° 2 1 S l o w ( t a b l e ^ > t h i s ls n o surP™e for (a) (Cu /ZnO/C0 2 ) . In C 0 2 and s.a. (b), Cu in the Cu/ZnO mixture oxidises to CuO 
and partially dissolves into the ZnO matrix forming a mixed carbonate. The remainder 
of Cu remains in metallic form. For C u 2 0 / Z n O / C 0 2 (c), a significant reduction of C u 2 0 
to Cu occurs due to the low 0 2 partial pressure. Apparently. C u 2 0 splits into Cu° 
which is visible m the XRD pattern, and a small amount of CuO. The CuO may dissolve 
mto the ZnO matrix, forming a mixed carbonate, i.e. C u 2 0 species are unstable under 
the applied conditions. The same d i sp ropor t iona te has been observed for this mixture 
during milling under vacuum (section 7.2.2), although to a much lesser extent While 
ZnO promotes reduction, the presence of a Zn carbonate appears to be even more effective 
for reduction of Cu 2 0 Although only a limited amount of Cu species may have dissolved 
mto the ZnO matrix for both C u / Z n O / C 0 2 and C u 2 0 / Z n O / C 0 2 , the decomposition 
temperatures and enthalpies are still higher than for Z n O / C 0 2 alone. This indicates 
that a modification of the ZnO matrix has still occurred in these two samples 

TEM measurements have been carried out on C u 2 0 / Z n O / C 0 2 and C u 2 0 / Z n O / 
s .a .+C0 2 (figure 7.6a). Crystallite sizes are observed between 3 and 20 nm which is 

T f ™ a n m Ti°Xif m i X t U r e S ' F ° r b ° t h m a t e r i a I s ' t h e s a m e r e f l e c t l o n s are observed 
as by XRD, and also the crystallite sizes scale well with those determined from the X-ray 

C u O 7 n n / e m i r n m Ï n l ^ ! 8 n m ( Z n 0 ) for C^°/^/C02, and 11 nm (ZnO) for 
Cu 2 0 /ZnO/s . a .+C0 2 . EDX on both materials shows the presence of both Cu-rich and 
Zn-rich particles. In general, the particles show a Cu-rich fraction at the edge and a 
Zn-rich fraction in the bulk. 

Differential Dissolution shows constant stoicluometry for C u O / Z n O / C 0 2 indicating 
a good homogeneity of the particles (examples of DD experimental output are given in 
tigures 7.14 and 7.17). The homogeneity is enhanced with respect to the CuO/ZnO/s a 
sample (section 7.Z2) and supports the view of enhanced mixing by amon-modification: 
Ou 2 U/ZnO/s .a .+C0 2 is also a homogeneous sample, although a small fraction of a sep
arate Cu phase can be observed. C u 2 0 / Z n 0 / C 0 2 , on the other hand, is quite inhomo-
geneous with the Cu fraction increasing during solution of the sample from 0 12 to 0 5 
This may indicate a Zn-rich surface, but more likely the existence of two separate phases' 
i.e. an easily soluble Zn-rich phase and a harder soluble Cu-rich phase. This supports the 
observation of d i sp ropor t iona te of C u 2 0 into two separate - Cu and CuO - species. 

H2-reduction patterns and catalyst structure after reduction 

When reduction is carried out of samples that have not been fully decomposed, e g when 
pre-treatment is carried out up to 523 K, a higher H2 consumption is detected than 
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10 nm 10 nm 

.••..*•» 

F i g u r e 7.6: TE micrographs of Cu20/ZnO milled in synthetic air + C02: (a) as-milled 
and (b) after reduction in H2 

expected based on the measured oxidation level. In that case a reverse watergas shift 
reaction (C0 3

2~ + 2H2 -> CO + 2H 2 0 + 2e") takes place. This has been observed 
in Cu/Zn oxides milled in C 0 2 but not in C u O / C 0 2 , indicating that this reaction is 
promoted by the presence of ZnO (as expected), and thus that active catalysts have been 
produced. 

To measure only the effect due to reduction, decomposition was carried out (at 773 K) 
prior to H2-consumption measurements by TPR. Several CuO species could be detected 
(figure 7.5b). Similar to the oxidic mixtures (section 7.2.2), mean temperatures for the re
duction patterns have been determined (table 7.2). Again, higher values for the reduction 
temperatures are found for samples that decompose at higher temperatures. Combined 
with their higher oxidation levels, this implies a more intimate contact between Cu and 
Zn. 

TEM measurements on reduced C u 2 0 / Z n O / s . a . + C 0 2 (figure 7.6b) show that the 
morphology is similar to that of the unreduced material, with comparable crystallite 
sizes. Again, some Cu-rich particles are observed by means of EDX. Metallic Cu is 
clearly visible by means of electron diffraction, but reflections of C u 2 0 and CuO can also 
be observed. Apparently, some re-oxidation of the sample has occurred during storage 
and handling. 
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^ J > * ™ J ^ sXTco7 
Cu + ZnO p.m. 0.2 
Cu/ZnO g 4 

<0-l 0.5 0.2 

Cu 20 + ZnO p.m. 0.1 
Cu20/ZnO 
CuO + ZnO p.m. 0.6 

7-2 17 31 
0.5 0.5 0.1 
6.4 36 44 

CuO/ZnO n i 1 1 3 

BET area [m2/g~ 

3.9 4.8 2.5 

42 37 

CuO + ZnO p.m. 3.5 10.2 12.3 18.3 
J Ä ^ _ = = = = = = 2 9 _ _ i 4 69 59 

Table 7.3: Cu0 and BET surface areas after H2 reduction of samples in which Cu and 
Zn precursors were milled separately and subsequently physically mixed ('+ '• 
p.m.) and milled together ('/') 

7.2.4 Surface areas 

After reduction, Cu° specific surface areas of all müled samples discussed here are strongly 
increased as compared to their unmilled precursors (table 7.3). When Cu(oXides) and 

a i f s l ' d r f e R F T e e i ' U n d e r ""T.01" m S y n t h e t l C a " ' b ° t h t h e C U ° S P e c i f i c s - f a c e areas and the BET areas are increased by more than one order of magnitude as compared 
to separately milled mixtures. A previously investigated Cn/ZnO sample milled under 
vacuum showing both a low Cu° area and a low BET surface area, has also been included 
here The high surface areas obtained by simultaneous nulling of Cu and Zn samples could 
be attributed to a larger Cu(oxide) dispersion due to the presence of or interaction with 
ZnO during milling. Another factor may be stabilisation of dispersed Cu° by ZnO during 
and after reduction. J 6 

All milled Cu/ZnO samples have broad particle-size distributions with a mean di

ameter of around 10 ^m. No clear relation exists between the particle size and milling 

atmosphere or surface area. Still, the surface areas are further increased when milling is 

cTntTct h t m t h e / r e S e , T ° f C ° 2 ' F 0 r S ° m e S a m P l 6 S t h i s ™ be attributed to a better 

ture of CnOWeeH ? T T , V T ^ ' " * * C ° " ^ W 6 a k e l l S t h e m a t o ^ m e ure of CuO and ZnO. This facilitates mixing and thus gives rise to higher Cu° dispersion 
aft r reduction. On the other hand, surface areas are also increased for samples milled 
m the presence of C 0 2 m which mixing of Cu and Zn is relatively poor. Porosity after 
decomposition and reduction may provide an additional explanation for this effect After 
decomposition at 723 K e.g. mesopores with 20 nm diameter could be detected, providing 
a more effective support for the copper phases. 

In general, surface areas are enhanced by the occurrence of mechanochemical reac
tions resulting m a high dispersion as well as m good Cu-Zn contact. When solid 
S S 1S f w ' 7 e c h a n

i
i , c a l ^ n

/
l l n g c a n enhance mixing. Mechanical properties such as 

ductility, notably of metallic Cu (Cu/ZnO/vac and CuO/Zn/ZnO), can limit the surface 
area. Less intimate mixing of Cu and Zn species also gives rise to very fast reduction of 
hea? ( f ifre

t
7-3a)- T h l S m t U m f u r t h e r P ™ ^ sintering by rapid release of reaction 
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Sample Milling Rate TOF (523 K) TOF (498 K) TOF (473 K) 
conditions (523 K) 

[nmol/s] 
[10-' ' molecules/(Cu° site-s)] 

Cu/ZnO s.a. 3.1 76 - -
Cu/ZnO co2 

4.1 46 46 25 
Cu/ZnO s.a.+C02 5.4* 33* 45 33 
Cu20/ZnO vacuum 2.0 54 41 31 
Cu20/ZnO s.a. 2.8 56 - -
Cu20/ZnO co2 

5.3* 29* 40 25 
Cu20/ZnO s.a.+C02 5.9* 27* 38 30 
CuO/ZnO vacuum 2.9 45 - -
CuO/ZnO s.a. 5.2 82 - -
CuO/ZnO s.a.+C02 5.7* 32* 46 35 
Average 60 43 30 

Table 7.4: Methanol-synthesis rate and Turnover Frequencies (TOF) for a CO/H2 mix
ture (1:2) at 2 bar and a ûow of 7.5 ml/min. (*: equilibrium conversion is 
reached at the applied conditions) 

7.2.5 Catalytic activity 

Methanol-synthesis activity measurements have been carried out on almost all milled 
Cu/ZnO samples in CO/H 2 (1:2) at low pressure (2 bar) and are summarised in table 7.4. 
Conversion at this pressure is low but the error in the activity data is moderate: in the 
order of 10%. At 523 K, the maximum (equilibrium) conversion rate under these (p,T) 
conditions is reached for some samples. These values are indicated with an asterisk 
and result clearly in lower values for the Turnover Frequency (TOF). The average value 
of 5.6 nmol/s scales very well with theoretically predicted values under these reaction 
conditions. Values that are found with equilibrium constants proposed by six different 
authors average 5.9(8) nmol/s [36]. This maximum rate is reached only with samples 
that have been milled in the presence of C 0 2 . For sub-equilibrium conversions, a roughly 
linear relation is observed between the conversion rate and the Cu° area, which becomes 
apparent by more or less equal TOF. A tendency for a somewhat higher TOF is observed 
for samples that have been milled in the presence of oxygen compared to samples that 
have been milled without oxygen. The constant factor between average TOF (excluding 
the samples with maximum conversion) at the different temperatures indicates a constant 
increase in reaction rate at higher temperatures. The apparent activation energies E.A are 
of the same order for all samples and average 25 kj/mol. The average values are slightly 
lower for samples that have been milled in the presence of oxygen (21 kj/mol) as compared 
to the samples that were milled without oxygen (28 kJ/mol). However, considering the 
accuracy of the measurements, the difference found is not sufficient to propose different 
pathways (or active sites) for the two types of catalysts. 

Catalyst deactivation occurs after prolonged exposure to reaction conditions. The 
observed deactivation is sharpest immediately after applying reaction conditions and 
flattens out after approximately 15 h. A slight increase in activity (3 to 10%) is observed 
after flushing with He at low temperature or after a new cycle of pre-treatment and 
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H2 reduction, which implies a partially reversible deactivation. The irreversible part is 
especially apparent at higher temperatures and is accompanied by a decrease in Cn° 
surface area. After 100 h at 523 K, a decrease in activity of about 20 to 30% is found 
l ins value scales well with the decrease in Cu° surface area of around 25% found at the 
same temperature at 1 bar by TGA after exposing the catalyst to the same mixture of 
reactants. Moreover, after reduction and changing the atmosphere from H2 to CO/H 2 an 
extra weight decrease is observed, corresponding to an extra CuO reduction of 15% This 
suggests that over-reduction by the reaction mixture occurs, which leads to sintering of 
the Cu surface and irreversible deactivation. The small amount of reversible deactivation 
can be explained by the occupancy of sites by adsorbed species, possibly methanol, water 
or methoxy species (see below). ' 

When deactivation rates of the various samples are compared, an inverse relation is 
found between deactivation and the rate of decrease of measured C 0 2 at the beginning 
of methanol synthesis, i.e. after pre-treatment and reduction. This provides a possible 
explanation for the over-reduction by CO (see above), as this leads to formation of C 0 2 

In cases where the C 0 2 partial pressure decreases rapidly, over-reduction does not play 
a significant role, and deactivation is less prominent. 

As a side-product of the synthesis reaction, some methyl formate is detected at 523 K 
As conversion to methyl formate was extremely low, in the order of a few percent of the 
amount of methanol, no quantitative analysis could be carried out. Methyl formate 
indicates the presence of a methoxy intermediate, and is observed on oxidised Cu species 
[37]. Possibly active sites at the Cu-ZnO interface render Cu catiomc in character and 
may thus stabilise methoxy species [26]. The methyl formate signal decreases after an 
extended period under reaction conditions, which is another indication for over-reduction. 

7.3 Soft-mechanochemical preparat ion of C u / Z n O 

from hydroxides and hydroxy-carbonates 

7.3.1 Experimental 

Cu/ZnO catalysts were prepared by mechanical milling of mixtures of Cu and Zn hydrox
ides and hydroxy-carbonates in the vibratory ball mill. The milling conditions and the 
materials used are the same as those mentioned in section 6.4.1. Additionally, hydroxy-
carbonates were milled together with Cu, Cu 2 0 , CuO (section 6.2.1) and ZnO (sec
tion 6.3 1) For all mixtures, the Cu to Zn atomic ratio was 30:70. 2 g of the mixtures 
were milled or 200 h. Milling was performed under vacuum - either during continuous 
pumping (<10 mbar) or after a short period of evacuation to 10~5 mbar - or in C 0 2 

t h e conditions for the various temperature-programmed techniques are roughly the 
same as those mentioned in section 6.4.1, but differ in a few details. For TGA decompo
sition and ^ t r e a t m e n t s were carried out by heating in either Ar or synthetic air (20% 

at 9nn À . ^ C a i T l e d ° U t m H a / A r a t 6 0 ° K < h e l d d u r i n S 5 m i n ) a f ter heating 
at 200 K/h m some cases preceded by a pre-treatment. Prior to TPR, all samples were 
pre-treated by heating at 600 K/h up to a temperature of 773 K, which was held during 
5 mm (hydroxy-carbonates) or 20 min (hydroxides). The error m Cu° specific surface 
areas is about 1 m /g, for high surface areas it is about 5-10%, The error m the BET 
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Milling Relative mass % ZnO crystallite Mean Treduction degree Cu red. 
conditions anions size [nm] (TPR) [K] (TPR) [%] 

unmilled 93 
low vac 59 
high vac 27 7 
C0 2 156 10 

480 102 
487 97 
512 87 
508 72 

Table 7.5: Analytical data for unmilled and 200 h milled Cu/Zn hydroxide mixtures 

surface areas is in the order of 15%. 
Furthermore, methanol-synthesis activity measurements, DSC, ICP-AES and differ

ential dissolution measurements were carried out under the same conditions as described 
in section 7.2.1. Samples were investigated by means of high-resolution TEM both after 
milling and after subsequent reduction. Reduction of the samples prior to TEM was 
carried out by heating in pure H2 at 20 ml/min to 623 K. The heating rate was 200 K/h 
and the highest temperature was held for 5 min. 

7.3.2 Cu(OH) 2 /Zn(OH) 2 milled under vacuum or in C 0 2 

In table 7.5, structural and chemical data are summarised of Cu(OH)2 /Zn(OH)2 samples 
that have been milled under vacuum - either after a brief period of evacuation ('low 
vacuum') or during continuous pumping ('high vacuum') - or in C 0 2 . The changes in 
the relative mass percentages of the complex anions, as determined after decomposition 
of the milled materials in a DSC, indicate similar chemical reactions as during sepa
rate milling of the precursors (section 6.4). The theoretical relative mass percentage of 
a pure Cu(OH)2 /Zn(OH)2 mixture is 100%. Decomposition occurs during milling un
der vacuum, with a higher rate at the lowest milling pressure, i.e. during continuous 
pumping. The high amount of decomposition products for Cu(OH) 2 /Zn(OH) 2 /C0 2 in
dicates the formation of carbonate anions. A separate carbonate-decomposition peak is 
observed by TGA-MS at 607 K and is clearly discernible from decomposition towards 
H 2 0 , which takes place at lower temperatures with a maximum around 533 K. The 
carbonate-decomposition peak corresponds to about 30% of the mass of the decomposi
tion products. As the increase of the decomposition products with respect to the unmilled 
mixture amounts to 40%, this indicates that hydrates must have been formed, which was 
also the case for milled Cu(OH)2 (section 6.4.3). The carbonate-decomposition peak for 
the Cu/Zn system is positioned between those of the individual hydroxide samples after 
milling in C 0 2 . 

For all milled Cu(OH)2 /Zn(OH)2 mixtures, only X-ray reflections of ZnO are observed 
(figure 7.7). The diffraction lines are broadened, which is typical of most milled materials. 
An amorphous halo is observed for the sample that has been milled in C 0 2 . From the X-
ray reflections, no traces of the original hydroxide crystals arc visible, although significant 
fractions of complex anions are present. For mechanical milling of pure Zn(OH)2, it 
took about 200 h and an extensive decrease of the hydroxide fraction for the hydroxide 
reflections to disappear completely (section 6.4.2), whereas in the mixed samples these 
reflections have disappeared after only 25 h of milling. The absence of reflections of Cu, 
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Figure 7.7: XRD patterns of milled Cu(OH)2/Zn(OH)2 

Cu oxides or Cu(OH)2 indicates that Cu is either present in amorphous form or well 

bœn W ° T h e s t T [ % T ^ a S 0 M S ° 1 U t l 0 n ° f C U - d Z n A Ï Ï been formed. The structure of the solid solution may either be that of anion-modrfied 

f56 m a s s ^ T T ' ! T ^ ' W l t h m ^ ^ ° f C ° m p l e X " * » — e n t r a t i o n s (2 
156 mass%) Similar structures are being formed during milling. Crystallite sizes of ZnO 
(estimated by means of the Scherrer equation) are given in table 7 5 

d e m o ™ a T e e r a t T h e n t S T ^ ^ °n ^ ^ ^ h milled under low vacuum 
demonstrate that the material is entirely nanocrystallme (figure 7.8). Only ZnO re
flections are observed by means of electron diffraction. It is possible to attribute all 
lattice spacmgs of the individual crystallites to ZnO, although in some cases CuO wouM 
be possible as well, as CuO and ZnO crystallites have many nearly overlap" n g s p a d n g ^ 
However, considering the absence of CuO reflections for both electron and X-ray dSrac 

Znc;r: c;° crrftes is Mghiy uniikeiy- c^tamte - - - : « f 
around 8 nm and smaller, which confirms the XRD data. EDX shows that Cu and Zn 
are^homogeneous]ydistributed. This would indicate that Cu species are nd ed d i o l v L 
nto an amon-modified ZnO matrix. No shift of the lattice parameters is observed how 
ver probab y due to the similar sizes of the ionic radii of C u * and Z n * D f a n u l l 

dissolution shows that very homogeneous mixtures of constant stoichiometry hav b n 

t o T o s e o° tl U T g t m g U n d e r V a C U U m a n d m C ° 2 - T h e « o m e t r i e s w e T e q l l 
to those of the starting mixtures. The mixtures are as homogeneous as the CuO/ZnO 
mixture that was milled in CO, (section 7 9 <H T>»= aeneous as tue OuU/ZnO 

— , „f c„o md z„o », *Ätt£ZTÄ<M 
o°fVriccfr:rr ion wi,h <m""iy) Fe ,r™ ̂  « - * <°* - >™ * - s 
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Figure 7.8: TE micrograph of Cu(OH)2/Zn(OH)2 milled under vacuum 

Structure after decomposit ion 

Two decomposition peaks are observed for the sample that was milled under low vacuum: 
around 423 and 486 K. As compared to the unmilled materials that have decomposition 
peaks around 455 K (for Cu(OH)2) and 505 K (for Zn(OH)2), the first decomposition peak 
of the mixture is clearly at a lower temperature than both peaks of the unmilled materials. 
This can be explained by mechanical activation through the formation of hydrates, as 
is also the case for the separately milled materials at short milling times (section 6.4.4). 
During milling, the hydrates as well as part of the hydroxide ions become less firmly bound 
and result in free water or in a weakly bound hydrate. After extensive decomposition, 
the strength of the hydrogen bond increases [38], resulting in a stronger binding of the 
OH~ group and consequently in a higher decomposition temperature, which is indeed 
found for the sample that was milled under high vacuum. The endothermic peaks that 
are observed by DSC during decomposition of unmilled Cu(OH)2 and Zn(OH)2 disappear 
after milling under vacuum (figure 7.9a), as was also the case for the individual materials 
(section 6.4.4). A change in specific heat cp, indicative of a change in structure, remains 
visible, but moves to a higher temperature (520 K for the sample milled under high 
vacuum, as compared to 460 K for unmilled Cu(OH)2 and 400 K for Zn(OH)2). For 
the sample milled in C 0 2 . an endothermic peak around 610 K can be associated with 
carbonate decomposition (see TGA-MS results above). 

For all samples, reflections of CuO and ZnO are observed after decomposition, indi
cating phase separation of the materials. The crystallite sizes of both CuO and ZnO, 
as determined by XRD, are about 25 nm for all mixtures. BET surface areas after de
composition are roughly equal to that of the mixture prior to milling (table 7.6). For 
separately milled Cu(OH)2 , the surface area has decreased, whereas it has increased for 
Zn(OH)2. These opposite effects have apparently averaged out for the milled mixtures. 
Surface-averaged particle sizes for mixtures milled under high vacuum and in C 0 2 are 
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Figure 7.9: (a) DSC traces of unmilled and milled Cu(OH)2/Zn(OH)2 and (b) porosity 
after decomposition and reduction, as measured by Hg porosimetry 

Milling 
conditions 
unmilled 
low vac 
high vac 
C0 2 

BET area [m2 /g]~ 
after decomposition 

29 

23 
30 

BET area [m2/g] Cuu surface area [m2/gf 
after reduction 

17 
56 

60 

0.05 
0.7 
1.1 
8.5 

Table 7.6: Surface areas of unmilled and 200 h milled Cu/Zn hydroxide mixtures 

13 /im and 19 u.m, respectively, and do not change significantly after decomposition This 
is of the same order as Zn(OH)2, but much larger than Cu(OH)2, which has a diameter 
of around 8 Lira. No relation with the BET area can be found, however. The porosity of 
the decomposed samples is shown in figure 7.9b. As compared to the porosity observed 
m the unmilled decomposed materials that show pore sizes roughly between 100 and 
700 nm, pores of this size virtually disappear for the mixture milled under high vacuum 
instead small pores are found with sizes of 5 to 20 nm. The larger pores are likely to 
be mterparticle pores. For the hydroxide mixture milled m C 0 2 , the large pores are 
retained, and a clear additional maximum is observed around 40 nm. Especially for the 
latter sample, the relation with the crystallite size is not so clear, which indicates that 
real pores are involved rather than roughness of the particle surface reflecting the size of 
the crystallites. The Hg-porosimetry surface areas scale well with the BET areas. 
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H2 reduction patterns and structure af ter reduction 

During H2-reduction of milled Cu(OH)2 /Zn(OH)2 mixtures, it is assumed that Cu com
pounds reduce to Cu° and that ZnO remains unreduced. Higher mean reduction tem
peratures are observed after milling (table 7.5). As in the case of decomposition, the 
reduction temperature is an indication for the binding energy of the anions (in this case 
oxides), which is highest for the samples milled under high vacuum and in C 0 2 . However, 
as higher reduction temperatures have also been observed for milled Cu(OH)2 samples 
(section 6.4.5), they provide no specific indication for enhanced interaction between Cu 
and Zn. In the case of milled Cu(OH)2 , the high reduction temperatures have even been 
associated with enhanced sintering. The differences between the reduction temperatures 
are much smaller for the mixture than in the case of the individually milled Cu(OH)2 

samples. 

TPR oxidation levels are reproduced by those determined from combined DSC and 
TGA measurements. Decreased oxidation levels are observed after milling, specifically 
for the mixture that has been milled in C 0 2 . Some CuO reduction has apparently taken 
place during milling, although formation of Cu species that are extremely difficult to 
be reduced may also have excluded some Cu for reduction. As reduction has not been 
observed in milled Cu(OH)2 samples (section 6.4.5), the presence of Zn(OH)2 appears 
to have a promoting effect on the reduction of Cu compounds. The same effect has 
been observed in oxidic Cu/Zn mixtures, where CuO reduction has been observed during 
milling in the presence of ZnO (section 7.2). This was even more prominent when milling 
was carried out in C 0 2 (in the absence of 0 2 ) . 

Rather low Cu° areas are observed after reduction, although these are still consid
erably larger per gram of Cu than for separately milled Cu(OH)2 . The Cu° values in 
table 7.6 have been determined for samples that were reduced without prior decomposi
tion. In case reduction is carried out after decomposition, the Cu° area increases from 
0.7 to 2.9 m 2 /g for the mixture milled under low vacuum, but decreases from 8.5 to 2.4 
m 2 /g for the mixture milled in C 0 2 . As decomposition leads to the formation of CuO 
crystallites, these obviously reduce to Cu with a decreased interaction with ZnO. As low 
Cu° areas are observed for hydroxides, prior decomposition is advantageous for obtain
ing higher areas, probably because sintering is less prominent. On the other hand, as 
carbonates generally give rise to rather high Cu° areas, in this case the Cu° area will be 
suppressed if decomposition is carried out prior to reduction. The mesoporous structure 
is partially destroyed during decomposition, leading to a less favourable pore structure. 
Apart from pore sizes in the range of 100-300 nm, small pore sizes are indeed found after 
direct reduction (without prior decomposition). This is the case for both the samples 
milled under low vacuum and in C 0 2 . However, two distinct small pore sizes are found 
for the sample that has been milled in C 0 2 . The Hg-porosimetry surface areas scale well 
with the BET areas. 

XRD patterns of in-situ reduced samples reveal ZnO crystallite sizes of around 10 nm 
(both low and high vacuum) and 16 nm (C0 2 ) , and Cu° crystallite sizes of about 17 nm 
(low and high vacuum) and 10 nm (C0 2) in case reduction is carried out without pre-
treatment. For samples that were reduced after decomposition, ZnO crystallites are about 
2 nm larger, while Cu° crystallites are around 30 nm for all hydroxide mixtures. No ori
entation effects of the Cu° crystallites could be observed. Both the differences between 
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Figure 7.10: TE micrographs of Cu(OH)2/Zn(OH)2 milled under vacuum, after reduc
tion m H2: (a) overview, (b) detail of the centre Cu particle in a) 

the Cu» and ZnO crystallites and the effects of the decomposition treatment indicate 
that Cu crystallites are significantly more prone to sintering than ZnO crystallites as 
can be expected. After decomposition, Cu° is also more prone to oxidation upon sub
sequent exposure to air, probably caused by a decreased contact between Cu and Zn 
t h e re-oxidised sample acquires a green colour and the CuO species formed reduces at a 
somewhat lower temperature (about 15 K) than that of the re-oxidised sample that was 
reduced without prior decomposition. 

Quasi-in-situ TEM measurements after reduction indicate the formation of large glob
ular Cu crystallites (figure 7.10). Extensive sintering has clearly occurred during reduc
tion. On top of the metallic Cu particles, an irregular layer is observed with amorphous 
and nanocrystallme parts. Although it is not possible to discriminate between CuO and 
ZnO unequivocally from the d spacmgs, the crystallites cannot be attributed to metallic 
Ou or Zn. EDX patterns, of which an enlargement is shown in figure 7.11, indicate that 
he layer is rich in Zn, as the edge of the Cu particles clearly shows a larger signal for Zn 

(peak at 8.63 keV) as compared to Cu (peaks at 8.04 and 8.9 keV) than the centre The 
Cu particles are therefore covered with a layer of - possibly partly reduced - ZnO This 
is m line with predictions that the surface energy of metallic Cu is so high that coverage 
with ZnO becomes energetically advantageous. Zn enrichment of a Cu surface has also 
been observed by means of LEIS [21], but has not yet been identified as ZnO The present 
results support the model that (partly reduced) ZnO migrates onto Cu under reducing 
conditions [22j. At the same time, the formation of epitaxial Cu° plates on top of ZnO as 
predicted by Yurieva et al. [2] based on observations on C u / C r 2 0 3 . is not confirmed but 
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F i g u r e 7 .11: EDX patterns (enlargement) of the centre and edge of the Cu particle in 
figure 7.10b 

this effect may require optimisation of activation conditions, which was not attempted. 
Formation of a CuZn alloy as proposed by Grunwaldt et ai. [39] has not been observed 
for the mild reducing conditions applied here, but it is not excluded that the interface 
consists of partly reduced ZnO. The two clearly discernible pore sizes (figure 7.9b) reflect 
the large difference between Cu° and total surface area. The smaller pore sizes scale with 
the dimensions of the ZnO grains, the larger with those of the embedded Cu° particles. 
The latter show a wide distribution, as can also been observed by TEM. Assuming an 
average diameter for the Cu particles of 50 nm and spherical particles, we can determine 
a surface area of 3.3 m 2 /g . Although this value is of the same order as the Cu° area that 
is determined by chemisorption, it suggests that a significant fraction (about 80%) of Cu° 
is not available for oxidation by N 2 0 . This can be explained by the coverage of the Cu 
particles. 

7.3.3 Milled Cu/Zn hydroxy-carbonates 

Mixtures of Cu, Cu oxides and Zn hydroxy-carbonate (Znhc), Cu hydroxy-carbonate 
(Cuhc) and ZnO, and Cuhc and Znhc have been milled after a brief period of evacuation 
to 10 - 5 mbar. Additionally, a Cuhc/Znhc mixture has been milled in CO2. XRD patterns 
of all samples are shown in figure 7.12. Halos indicating an amorphous structure can be 
observed for all samples. The characteristic diffraction lines of Cu, C u 2 0 , CuO and ZnO 
are labelled for easier recognition. 

In the pattern of Cu/Znhc (a), a significant amount of Cu° is visible. Considering the 
width of the diffraction lines, the Cu° is finely dispersed. It is however quite prone to 
oxidation, as the oxidation level increases after prolonged (longer than 1 year) exposure to 
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Figure 7.12: XRD patterns of milled (a) Cu/Znhc, (b) Cu20/Znhc, (c) CuO/Znhc, 
(d) Cuhc/ZnO and (e) Cuhc/Znhc. The shortest lines indicate Cu, the 
intermediate Cu20 and the longest CuO reflections. ZnO reflections are 
indicated with diamonds. 

air. For Cu 2 0/Znhc (b), Cu°, Cu 2 0 and ZnO are visible. The C u 2 0 has apparently partly 
reduced to Cu°, which is visible in the XRD pattern. The low oxidation level (table 7.7) 
indicates that significant reduction has indeed taken place during milling. C u 2 0 species 
are apparently unstable under the applied conditions. Disproportionation and reduction 
of Cu 2 0 have also been observed for a mixture with ZnO during milling under C 0 2 , 
although in that case both Cu and CuO, and no remaining Cu 2 0 , were observed. On 
the other hand, no disproportionation is observed during milling of C u 2 0 together with 
Zn(OH)2, as only C u 2 0 and ZnO reflections can be observed. Consequently, the type of 
anion is decisive for whether disproportionation occurs or not. For CuO/Znhc (c), the 
only reflections that are visible correspond to CuO. Only ZnO and no traces of Cu(oxide) 
or Cuhc are visible for Cuhc/ZnO (d), which may indicate that a solid solution of Cu 
and Zn compounds has been formed. Finally, the Cuhc/Znhc samples (e, f) are almost 
entirely amorphous. Similar amorphous structures have also been observed in individual 
hydroxy-carbonates at intermediate milling times (section 6.4.2). Destruction of the 
matrix structure due to partial decomposition may have resulted in the amorphisation, 
but more likely mixing of the Cu and Zn compounds may have caused the formation 
of an amorphous structure. The samples have chemical compositions similar to that of 
coprecipitated Cu/ZnO catalysts, and also have the same light blue colour, which makes 
the formation of mixed hydroxy-carbonates likely. For CuO/Znhc and Cuhc/ZnO, mixed 
hydroxy-carbonates have probably been formed as well due to the presence of bivalent 
Cu. 

TEM measurements on Cuhc/Znhc (figure 7.13a) give no indications for the existence 
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Sample degree Cu red. Mean Treduction Cu0 surface area 
(TPR) [%] (TPR) [K] [m2/g] 

Cu/Znhc 9 400 23 
Cu20/Znhc 18 408 21 
CuO/Znhc 90 427 26 
Cuhc/ZnO 99 437 22 
Cuhc/Znhc 103 443 32 
Culic/Znhc/C02 93 445 32 

Table 7.7: Analytical data of Cu/Zn hydroxy-caibonate mixtures milled during 200 h 

50 nm 

Figure 7.13: TE micrographs of Cuhc/Znhc milled after brief evacuation: (a) as-milled, 
(b) after reduction in H2 
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Figure 7.14: Differential dissolution results showing stoichiograms of as-milled 
Cu20/Znhc and Cuhc/Znhc mixtures 

of crystallites, and confirm the XRD observations. Large (for milled materials) disk
like structures are observed with a broad size distribution (10-150 nm). The large sizes 
indicate a high stability of the structures. Cu and Zn are well mixed, as observed by 
EDX. Differential dissolution also shows that a homogeneous mixture has been formed for 
Cuhc/Znhc, with only a small variation (1-2%) in stoichiometry, which is equal (30:70) 
to that of the mixture of the starting materials. A small amount (about 2%) of an 
easier dissolvable Zn phase is observed for Cuhc/Znhc, which could indicate a Zn-rich 
surface or some remaining unreacted Znhc. A similarly homogeneous mixture is observed 
for Cuhc/ZnO. For (partially oxidised) Cu/Znhc, the stoichiometry varies over about 
12%. This can be interpreted as a Cu-rich Cu/Zn phase and a harder dissolvable Cu-
poor Cu/Zn phase, with in addition 9% of free (likely metallic) Cu. For Cu 2 0/Znhc , 
the variation in stoichiometry is much larger, and could be interpreted as a Zn-rich' 
phase with 9% of free Cu, and 19% of a harder dissolvable Cu phase. This confirms the 
disproportionation into two different phases by reduction. Two different phases are also 
observed for CuO/Znhc, where a mixed Cu-Zn phase and 15% of an easier dissolvable 
Zn phase, probably Znhc, are observed. In the latter case, contamination (mainly Fe) is 
rather high, at a total of 0.7 to 1.5% of the metallic fraction. To illustrate the differences 
observed between the samples, stoichiograms of the Differential Dissolution results on 
Cu 2 0/Znhc and Cuhc/Znhc are compared in figure 7.14. 

Structure after decomposit ion 

DSC traces of the milled hydroxy-carbonate samples show that decomposition is accom
panied by an endothermic effect (figure 7.15a). DSC traces of unmilled Cuhc and Znhc 
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Figure 7.15: (a) DSC traces of milled hydroxy-carbonate mixtures and (b) porosity 
after decomposition and reduction, as measured by Eg porosimetry 

are shown here as well in their relative proportions (0.3 and 0.7, respectively). As was 
the case for the individual materials, a change in cp is observed, indicating that restruc
turing takes place during decomposition. Decomposition temperatures average those of 
the separate hydroxy-carbonates, whereas additional peaks can be observed at a higher 
temperature for the Cuhc/Znhc mixtures and - to a lesser extent - Cuhc/ZnO. The 
high temperature indicates that intimate mixtures have been formed, which is confirmed 
by the differential dissolution measurements described above. The highest peak of the 
Cuhc/Znhc/C0 2 mixture reflects the decomposition of a carbonate. The samples that 
mix worst of all (Cu/Znhc, Cu 2 0/Znhc and CuO/ZnO) show additional enthalpy effects 
at lower temperature, notably a sudden onset of restructuring and an exothermic peak. 
The effects have also been observed in separately milled Znhc and have been identified as 
mechanical activation of Znhc (section 6.4.4). The effects therefore reflect the relatively 
poor mixing of these samples. 

For the Cuhc/Znhc mixture, diffraction lines of CuO and ZnO after decomposition 
again indicate phase separation, and crystallite sizes of about 25 nm, as determined by 
XRD are the same as for the hydroxide mixtures. Pores with sizes between 50 and 120 nm 
could be detected by means of Hg porosimetry (figure 7.15b), which is comparable to the 
unmilled precursors. However, for the separately milled precursors additional mesopores 
between 10 and 20 nm were found (section 6.4.4). The absence of small pores also explains 
why the BET surface area after decomposition is quite small at 14 m2/g-
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Figure 7.16: TPR patterns of milled hydroxy-carbonate mixtures 

H 2 reduction patterns and structure after reduction 

Oxidation levels have been determined in two ways: by combination of DSC and TGA 
data and by determination of H2 consumption (TPR). Due to the hygroscopic character 
of the samples, the TPR oxidation levels (table 7.7) are much more accurate, but the 
DSC/TGA oxidation levels do not differ by more than 20%. As mentioned earlier, the 
oxidation level of Cu 2 0/Znhc has decreased with respect to that of the unmilled mix
ture. Some reduction has taken place for CuO/Znhc as well. As reductions have also 
been observed in Cu/Zn oxide mixtures (section 7.2) and hydroxide mixtures (previous 
section), especially during milling in C 0 2 , these observations are not surprising. Except 
by enhancing the mixing of CuO and ZnO, anion modification leads to decreased solubil
ity (or interaction with ZnO) of sub-stoichiometric CuO and thus promotes reduction of 
this phase. This leads to the disproportionation reactions that have been observed. The 
C0 3

2 ~ anions appear to have this effect to a larger extent than OH". 

Several CuO species could be detected during reduction (figure 7.16). In table 7.7. 
mean values are given for the reduction patterns, showing again higher reduction tem
peratures for samples that decompose at higher temperatures, a relation that was also 
found for the hydroxides. These samples also have higher oxidation levels and exhibit a 
more intimate contact between Cu and Zn. 

High specific Cu° areas upon reduction are observed for all samples, especially for 
those containing large initial hydroxy-carbonate fractions. As these samples also decom
pose and reduce at the highest temperatures, it can be concluded that, within the same 
category of samples, the intimacy of the Cu-Zn mixture is a measure for the Cu° area. 
As long as no full decomposition takes place prior to reduction, no dependence of the Cu° 
area on the exact temperature program of pre-treatment and reduction can be observed. 
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This means that the measurements are well reproducible, which has been observed after 
decomposition of up to 88%. However, in case full decomposition is earned out prior 
to reduction, phase separation of CuO and ZnO takes place and the Cu° area decreases 
significantly, e.g. to 6.3 m 2 /g for m i l l e d Cuhc/Znhc. 

After in-situ reduction, both Cu° and ZnO crystallite sizes are significantly smaller 
at 6 nm as compared to when decomposition is carried out first (13 nm), as determined 
by XRD. Again, no clear orientation effects were observed. TEM after quasi-m-situ 
reduction (figure 7.13b) also indicates the existence of very small crystallites with some 
small remaining amorphous regions, at a very good Cu/Zn homogeneity as observed by 
means of EDX. Both ZnO and Cu° crystallites can be identified from their respective d 
spacings However, individual Cu° crystallites and their surface cannot be investigated 
further due to their small sizes. The BET surface area is large at 74 m 2 /g . High porosity 
is observed with small pore sizes (figure 7.15b), with the Hg-porosimetry data confirming 
the BET area obtained by N2 physisorption. 

7.3.4 Surface area and catalytic activity 

Cu° and BET surface areas after reduction of all milled samples discussed here have 
increased as compared to their unmilled precursors. They have generally also increased 
with respect to the separately milled precursors. The latter difference is attributed to 
a larger Cu° dispersion due to the presence of, or interaction with, ZnO during milling, 
another factor is stabilisation of dispersed Cu° by ZnO after reduction. 

Determination of Cu° specific surface areas by means of N 2 0 chemisorption was per
formed by fitting of the sub-surface contribution with a curve and subsequent subtraction. 
While the sub-surface contribution has a more linear trend, surface oxidation (roughly 
the first 2000 s) behaves more or less logarithmically (or cubic for higher surface areas), 
which is indeed expected [40] at the temperature applied. For a correct determination of 
the surface component, only a limited part of the curve can be used for the evaluation. 

In both hydroxides and hydroxy-carbonates, solid solubility is high due to the presence 
of complex anions, and mechanical milling therefore enhances mixing. No clear relation 
between particle size and milling atmosphere or surface area is found, but low Cu surface 
areas are found for hydroxides. The surface areas are larger in the presence of C 0 3 

anions, which can be attributed to porosity after reduction. Sintering m hydroxides is 
associated with the high reduction temperatures of these samples and may explain the 
low Cu° areas found for these samples. 

In order to test whether the N 2 0 surface areas are a measure for the number of active 
sites for methanol synthesis form H 2 /CO feed gas, low-pressure activity measurements 
have been carried out for hydroxy-carbonate mixtures. Samples were pre-treated m He 
at 523 K prior to reduction in H2, which was also carried out at 523 K. Equilibrium 
conversion was reached at 523 K for all samples (at the applied residence times of ca. 
2 s), reflecting the high Cu° areas. At lower temperatures (473 and 498 K), the turnover 
frequencies of four of the samples were determined, and averaged well those reported m 
section 7.2.5. notably 43 • lO"6 and 29 • lO"6 molecules MeOH/(Cu° site-s). Cu° surface 
areas are also of the same order as in section 7.2 and absolute conversions are therefore 
comparable. The variation between the samples however was much larger in the present 

The hygroscopic character of the samples and the high dispersion of metallic Cu 
case. 
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in some may give rise to further reactions after milling, making these samples less stable 
during storage than oxidic samples. Activation of the samples to maximum conversion 
took a comparatively long time as compared to oxidic samples, which can also be ascribed 
to the high fraction of complex anions and hydrates. Another source of the large errors is 
of course the low pressure at which methanol synthesis is carried out. Deactivation could 
be explained by sintering due to over-reduction, as shown earlier (section 7.2.5), and a 
small fraction of methyl formate (a few % of the amount of methanol) was detected at 
523 K as a side product of the reaction. 

7.4 Cu/Zn/Al-based mixtures 

In previous sections, we have characterised unsupported mechanochemically prepared 
Cu/ZnO catalysts and observed marked differences between various types of anion-
modification. In order to investigate whether the results obtained on mixed Cu/Zn 
catalysts can be extrapolated to more realistic 'supported' systems that additionally 
contain alumina, a number of experiments have been carried out on mechanochemically 
prepared Cu/Zn/Al oxide systems. These are compared to coprecipitated and commer
cially available Cu/Zn/Al oxide catalysts. The intimacies of the as-milled mixtures have 
been investigated, as well as Cu° areas after reduction. As the Cu° areas are a good 
measure for the initial activity (section 7.2.5), these experiments may provide valuable 
information for selection of a category of mixtures that may be promising for further 
research, e.g. selectivity and stability of the catalysts under reaction conditions. 

7.4.1 Experimental 

Three different Cu/Zn/Al mixtures have been prepared, based on carbonates, hydroxides 
and hydroxy-carbonates, respectively. Mixtures have been prepared with a composition 
of Cu:Zn:Al = 45:45:10. Of the starting materials, the Cu and Zn oxides, hydroxides and 
hydroxy-carbonates have been described in previous sections. For the carbonate mixture, 
CuO and ZnO were milled together with 7-AI2O3, purchased from Akzo-Nobel (Ketjen, 
type CK300). The 7-AI2O3 was powdered by pre-milling during 1 h under vacuum. 2 g 
of material were milled during 200 h in C 0 2 at a pressure of 2 bar, after evacuation 
to 10~6 mbar. For the hydroxide mixture, Cu(OH)2 and Zn(OH)2 were milled together 
with Al(OH)3 powder, obtained from Aldrich, which is a hygroscopic material. For this 
sample, 2 g were milled during 200 h after a brief period of evacuation to 10~5 mbar. 
The hydroxy-carbonate mixture consisted of Cuhc, Znhc, and Al(OH)3. 5 g of material 
was milled in C 0 2 at a pressure of 2 bar during 500 h, after millling during 25 h under 
vacuum (10~6 mbar). 

For differential dissolution, the samples were compared to a coprecipitated sample 
prepared at the Boreskov Institute of Catalysis in Novosibirsk, Russia. The molar com
position of this sample was Cu:Zn:Al = 40:48:12. The Cu° areas were compared to a 
typical commercial coprecipitated sample that was kindly provided by Engelhard (De 
Meern, The Netherlands), with a molar composition of Cu:Zn:Al = 56:28:16. 

XRD and TGA measurements were carried out. Pre-treatments for TGA were per
formed by heating in synthetic air at 1.2 K/min to 750 K, which was held during 9 h. 
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Sample fraction Al degree Cu red. Cu0 area Cu0 area Cu/Zn 
dissolved (TGA) [%] [m2/g] mixture [m2/g] 

09 H l 26 7.7 carbonate 
hydroxide 0.7 IUI 
hydroxy-carbonate 0.4 
coprecipitated 
commercial 

2.9 
109 18 6.3 

1 
120 46 

Table 7.8: Analytical data of milled and coprecipitated Cu/Zn/Al-based mixtures 

Alter cooling, reduction was carried out in H2 /Ar by heating at 1.2 K/min to 600 K. This 

temperature was held during 1 h. Subsequently, Cu° areas were determined by means of 

N 2 0 chemisorption. 

7.4.2 Homogeneity 
XRD patterns (not shown) of the milled mixtures reveal similar patterns as those of 
the binary mixtures, with the main difference that significant amorphous halos can be 
observed. The hydroxy-carbonate is fully amorphous, whereas ZnO crystallites can be 
observed for the" carbonate and hydroxide mixtures and some CuO for the carbonate 
mixture No A1203 reflections are visible in the patterns. The high amorphous fractions, 
the low intensity of reflections of Cu species and the absence of A1203 reflections indicate 
intimate mixing of the components. 

Differential dissolution has been carried out of milled Cu/Zn/Al-based mixtures, as 
well as of a coprecipitated sample with a comparable composition (48:40:12). Stoi-
chiograms of all mixtures are given in figure 7.17. For all samples, including the co
precipitated, Cu and Zn dissolve roughly simultaneously, while the Al part dissolves 
much slower. The fractions of dissolved Al after full dissolution of Cu and Zn are given m 
table 7 8 As compared to the unmilled oxide mixture, which exhibits a dissolved Al frac
tion of 0 03, mechanical milling in C 0 2 clearly gives rise to a much better mixture with 
Al The Cu-Zn stoichiometry is virtually constant over the full range for the carbonate 
and hydroxide samples, whereas a gradual increase of the Cu content can be observed for 
the hydroxy-carbonate and coprecipitated samples during dissolution. 

7.4.3 Reduction and Cu° surface area 

TGA decomposition patterns of milled samples as well as of the commercial coprecipitated 
sample, as obtained by heating in synthetic air, are shown in figure 7.18a. Decomposi
tion peaks at high temperatures are observed for both samples that were milled in C 0 2 . 
Mass spectrometry indicates carbonate decomposition at these temperatures. Remark
ably low decomposition temperatures are observed for the coprecipitated sample, whereas 
the hydroxide sample decomposes at a higher temperature than the binary mixture. 

Reduction patterns are shown in figure 7.18b. Small differences in the reduction 
temperatures are observed, while the hydroxide sample reduces at a much higher tem
perature The high reduction temperature of the hydroxide is in line with the results on 
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Figure 7.17: Stoichiograms of Cu/Zn/Al-based mixtures. Cu/Zn ratios are given on 
the left-hand axis, Al/(Cu-f-Zn) on the right-hand axis. 
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Figure 7.18: (a) Decomposition and (b) reduction patterns of milled and coprecipitated 

Cu/Zn/Al-based mixtures 

the binary mixtures (section 7.3.2). Reduction proceeds beyond the mam peak up to the 
highest temperature (600 K). Degrees of Cu reduction (assuming fully decomposed sam
ples) larger than 100% are found (table 7.8), which indicates partial reduction of ZnO. 
Smaller degrees of reduction were found for the binary mixtures, which may partly be 
attributed to the pre-treatment, which was carried out in Ar for the binary mixtures and 
in synthetic air for the ternary mixtures. Partially reduced CuO may have re-oxidised 
during the pre-treatment. As the degrees of reduction are larger than 100%, reduction 
of ZnO is apparently promoted by the presence of alumina. The value of the degree of 
reduction is largest for the coprecipitated mixture, which may indicate more ZnO reduc
tion Incomplete decomposition during the pre-treatment cannot be excluded, however. 
This could give rise to additional H 2 0 and C 0 2 evolution during reduction, resulting in 

a higher weight loss. 
The Cu° surface areas of the milled samples (table 7.8) are highest for the carbonate, 

and lowest for the hydroxide, as can be expected from the previous sections. In contrast 
to the Cu° areas observed for the binary mixtures, the hydroxy-carbonate sample has a 
rather low Cu° surface area. The presence of the Al hydroxide may be responsible for 
this as hydroxides may give rise to sintering (section 7.3.2). The Cu° surface area of 
the coprecipitated sample is much higher than those of the mechanically milled mixtures. 
The difference with the carbonate mixture is moderate when the Cu surface area is 
expressed per gram of Cu. The presence of partly reduced ZnO may also perturb the 
N 2 0 chemisorption measurement and explain the high value for the coprecipitated sample. 
For the carbonate and hydroxy-carbonate samples, Cu° surface areas are lower than those 
observed for the binary mixtures investigated in the previous sections (tables 7.3 and 7.7). 
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However pre-treatment and reduction conditions are evidently more severe and are at 
least partial y responsible for the lower values. On the other hand, as compared to th 
binary samples that were pre-treated and reduced under similar conditions (table 7 8) Î 

even when the differences m Cu concentrations (30 at.% for the binary mixtures) are 

p tL m c° TC°Unt- DeSPlte l0W h°™^y (%- 7.17), the p r J T Ä T 
species clearly gives rise to enhanced Cu° dispersion after reduction and thus indeed 
serves as a support material for the Cu/ZnO catalysts 

is s u i t e d 1 7 ^ a r S a °f "'T? m i X t U r e S 1S q U i t e S e n S 1 Ü V e t 0 t h e Pre-treatment, it is suggested that the presence of alumina gives rise to enhanced mixing of Cu and 7n 
oxides, preventing de-mixing during decomposition. De-mixing of amon modified a f o 
and ZnO gives rise to decreased Cu dispersion and consequently to low" Cu° £ £ 
In the presence of alumina, partial reduction of ZnO may occur Stabilisation T Z 
mixture may explain the increased Cu" dispersion after r e d u X M ^ Z r t t 
a s t m c ural promoter by preventing sintering of Cu°. The samples with the h X c u 0 

areas also show higher reduction levels, indicating more ZnO reduction and thus more 
influence of the presence of alumina, i.e. reaction of Z n 0 l _ , with N 2 0 c a i l t be exclud " 

expCdT" h0m0geneity; thiS TS n0t h0U for the hydroXlde ^ ™ . whtrmay be 
explained by excessive sintering during reduction at a high temperature ' In subsequent 
experiments, reduction conditions should be optimised to prevent o v e . r l c t i o n and 
activity measurements for methanol synthesis are to be carried out, 

7.5 Summary and conclusions 

During milling of mixtures of Cu and Zn compounds, similar mechanochemical reactions 
have been observed as m chapter 6, notably redox reactions, covalent bond fo ma ion 

il::zrsz:°lrrl7 anrand soft ™^^- ^ v z s z ^z^tt^^:^reactions between the soiids participate -̂  
Milling of mixtures of Cu, Cu 2 0 or CuO and ZnO results m oxidation of Cu precursors 

when carried out m synthetic air and m reduction when carried out und r vacuum T n t l 

S S S I ' T Z S P r 0 m ° , t e d ' W h l k fOT t h e CU2° ^cture a b ; :X^nge o 
toed nZnO Î Z ? T ^ ^ F°mmt l°n °f a C u 2 ° - l l k e intermediate well 
dispersed on ZnO has been postulated, as well as several copper-oxide species reducing at 

Fo^eattneofPeratrS- T ^ "***" a t ^ * ° * ^ tha/otn Cu species 
A r * StrUCtUre may be e X p W d * — d u c t i n g propos 

When Cu(oxide)/ZnO mixtures are milled in the presence of C 0 2 carbonates are 

r o m t T 7 m ^ i m a t e C ^ Z n m i X t U r e S ' T h e S e C a r b 0 n a t e s c a n ' o S ; be W d from bivalent Cu and Zn, and only Cu° and CuO are observed by XRD after mi rmT 

Amon-modifieation explains the enhanced mixing of CuO and ZnO. R e d u c t i o n o S ï v e d 

Ï 0 ? a u d S ! 1S C a m e d ° U t m C ° 2 ° n l V ' a n d ° X l d a t l 0 n w h » C a ™ d ^ i - mÎ tuTeof 

Soft-mechanochemical reactions during mechanical milling have been observed be 
tween Cu and Zn hydroxides and hydroxy-carbonates and give" rise to e2anCeT^2g. 
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Except by the formation of hydrates, which lead to a low hardness, mixing may also be 
enhanced by a decreased interaction between the cations due to the presence of complex 
anions, which improves solid solubility. Nanocrystalline as well as amorphous materials 
are formed during milling. 

Reduction is promoted by the presence of complex anions, which has been observed 
for carbonates, hydroxides and hydroxy-carbonates. The stability of C u 2 0 depends on 
both the oxidation level and the concentration of complex anions. Whether dispropor-
tionation of C u 2 0 occurs is determined by the type of anion involved. Reduction and 
disproportionation into Cu° and CuO is observed during milling with ZnO in C 0 2 and 
into Cu° and C u 2 0 for milling with Znhc. Milling with Zn(OH)2 does not result in 
disproportionation. 

Upon reduction, milled oxidic samples possess much higher BET and Cu° surface 
areas than both the unmilled mixtures and the mixtures of the separately milled com
ponents. This latter effect is due to an increased dispersion or stabilisation of dispersed 
Cu° by ZnO after reduction. The highest surface areas are found for milled carbonates 
and hydroxy-carbonates, which can be explained by the intimate Cu-Zn mixtures as well 
as by formation of a porous structure. Both effects give rise to high Cu° dispersion upon 
reduction. The Cu° areas are small for all hydroxide mixtures, although somewhat larger 
for milling in C 0 2 , which can also be explained by the resulting porous structure. Very 
homogeneous mixtures of Cu and Zn have been formed for mixed oxides, carbonates, 
hydroxides and hydroxy-carbonates. Considering the differences in Cu° area, an intimate 
mixture is not the only prerequisite to obtain high activities. Several copper-oxide species 
are observed after reduction at different temperatures. Within the same group of materi
als, i.e. defined by the type of precursor, the reduction temperature is a measure for the 
intimacy of the mixture, and thus for the Cu° area after reduction. For hydroxides, their 
high reduction temperatures may explain the strong sintering behaviour of Cu°. 

An amorphous Zn-rich layer, probably partly reduced ZnO, is observed by TEM on 
top of Cu° after reduction. This is best observed for large Cu° particles, as found for the 
milled hydroxides. 

Reaction rates for methanol synthesis from CO/H 2 are roughly linearly dependent on 
the Cu° surface area. The highest initial reaction rates have been determined for Cu/Zn 
oxide mixtures milled in C 0 2 and for hydroxy-carbonates. The variations in the activ
ities are somewhat larger for the hydroxy-carbonates. Irreversible catalyst deactivation 
occurs due to sintering of Cu° particles, caused by over-reduction in the reaction mixture 
at 523 K. Reversible deactivation may be due to strongly adsorbed products or inter
mediates. Formation of intermediate methyl formate indicates stabilisation of methoxy 
species on Cu sites with a cationic character. Variations between the activities found 
suggest that other factors also play a role. Different samples and reaction conditions are 
required to investigate these differences. 

For Cu/Zn/Al mixtures, carbonates yield the highest Cu° area, while hydroxides have 
the lowest Cu° area. No relation can be observed between the homogeneity with respect 
to Cu:Zn or to Al:(Cu+Zn) and the Cu° surface area. The presence of alumina gives 
rise to enhanced mixing of CuO and ZnO, resulting in a higher dispersion of Cu after 
decomposition. This can be explained by the presence of partially reduced ZnO reacting 
with the probe molecule N 2 0 . 

For mechanochemically prepared binary catalysts, dynamic behaviour of the active 
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site can be concluded giving rise to (partially reduced) Z n O ^ on top of the copper 
surface as well as easily oxidisable and reducible Cu species that are closely attached to 
ZnCX A modes ««dation state of Cu is advantageous for activity and stability. During 
mechanical milling, oxidation and reduction of Cu oxides are promoted m the presence of 
ZnO increasing further in the presence of complex anions. Semi-conducting properties 
of Cu and Zn oxides were postulated to enhance interaction between C u 2 0 and ZnO and 
thus explain stabilisation of Cu + on ZnO. The interaction is even larger when A1203 is 

m r " / ™ Ai rT 'T ? ^ f C&talyStS' ^ ^ » °bsCTVed °* ^ of Cu°V means of TEM Although a linear relation between Cu° area and low-pressure activity 
to methanol synthesis was observed, over-reduction leads to irreversible deactivation due 
to sintering of Cu° and/or disappearance of Cu + . Clearly it is not possible to de-couple 
measurement of Cu« and Cu+ , as Cu+ prevents sintering of the adjoining Cu° The £ 
matron of methyl formate also indicates the presence of catiomc Cu species. Finally the 
intimacy of Cu and Zn mixtures does not solely determine the resulting Cu° area Inter
actions with the atmosphere and complex anions in the mixture clearly have significant 
effects™ the structure of the reduced catalyst, notably on the interaction between Cu° 
or Cu and ZnO, giving rise to differences in sintering behaviour. The formation of a 
suitable porous structure plays a vital role in obtaining high surface areas 

Due to (soft-)mechanochemical reactions, the active surface areas 
creased are strongly in-r p , , > — - . , - , « U ^ ü U , ^ m e a n a i e b l i U I l g i y m -

Ihey thus point out that various types of interactions are involved and may 
assist to unravel missing links in our understanding of mixed oxidic catalysts. Moreover 
atomic ratios of precursors can be well controlled and no waste products are produced' 
The unconventional preparation reveals a different range of reactions that may occur in 
this system and gives a deeper insight in the catalytic system. These considerations ren
der mechano chemical preparation an interesting alternative for catalyst preparation as 
well as for studying catalytic systems. 
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