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Chapter 6 

Mechanochemical reactions in Cu 
and Zn compounds 

6.1 Introduction 
ïamc Various types of mechano chemical reactions can occur between metal-based inor 

compounds as well as between these compounds and the surrounding atmosphere. We can 
distinguish redox-reactions, covalent formation of complex anions, and soft mechanochem-

istry. 
In general, solid-state reactions take place at a low rate, mainly due to low diffusion 

rates and small contact surfaces between the reactants. Reactions can usually be accel
erated by external supply of energy, e.g. raising the temperature, or by the presence of 
a liquid or gas phase, e.g. making a finely dispersed suspension. Creation of defects also 
influences the reaction rate. Obviously, the diffusion rate changes due to the presence of 
defects. Defects at the surface are generally favourable for the rate of reaction as various 
bonds are generally more easily formed on these coordinatively unsaturated sites and by 
the increased surface roughness. Flow defects may result in fracture and thus in a better-
dispersed material with a higher surface area and consequently enhanced mixing on a 
microscopic level. 

Mechanical supply of energy locally raises the temperature, thus increasing atomic 
mobility but also creates a large number of defects and consequently enhances mixing. 
Mechanochemistry makes use of this principle, but can additionally comprise solid-gas 
and solid-liquid reactions. Due to the continuous creation of fresh surfaces, atoms or 
molecules from the gas or liquid phase may be chemically bonded, with the mechanical 
supply of energy facilitating these reactions. Mechanochemistry is one of the oldest 
observed acts in the history of mankind, for instance in procuring fire, but has only been 
recognised as such for the first time by W. Ostwald at the beginning of the 20 th century. 

Mechanochemical reactions can be differentiated according to the type of bond in the 
materials. Numerous studies have been dedicated to metallic alloys (cf. chapter 3), but 
reactions in purely metallic materials are generally not considered to be of mechanochem
ical nature. Redox-reactions may occur between solids, such as a metal and an oxide, or 
between a solid and a gas, resulting in the formation or reduction of an oxide. Forma
tion and destruction of covalent bonds occurs by free-radical formation or by creation or 
rupture of valence bonds. In organic compounds, mechanochemical reactions are nearly 
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always of covalent nature. Within an ionic structure, (covalent) formation and decompo
sition of complex anions can occur, depending on the pressure of the gases corresponding 
to the formation of these anions. A special case of this type of reaction is milling of 
hydrates and hydroxides. During milling, partial decomposition may occur, resulting in 
high free-water contents. This results in a significant reduction of the hardness of these 
materials, facilitating the mechanical transfer of energy, and consequently the formation 
of a mixture. The term 'soft mechanochemistry' [1] refers to the low hardness of these 
materials. For this reason, salts with complex anions may mix more intimately than ox
ides. Another factor for the enhanced mixing of these salts may be the increased distance 
(and therefore a weaker interaction) between the different cations. 

When mechanochemistry is considered thermodynamically, it has to be remarked 
that if thermodynamic equilibrium is established during milling, this will only be on a 
local scale, i.e. at the place of impact. Only after prolonged milling, significant chemical 
changes in the bulk can be observed. 

Examples of mechanochemical redox-reactions between solids are the reduction of 
metal oxides in the presence of a strongly reducing element [2, 3], such as the reduction 
of CuO in the presence of Ca. Between solids and a gas, redox-reactions include the 
formation of hydrides, nitrides and oxides [4, 5, 6, 7]. Hard materials can thus be prepared 
such as TiN. Examples of mechanochemical reactions in materials with covalent bonds 
are the destruction [8] and formation [9] of polymers and the destruction of chlorinated 
organic compounds [10]. A broad overview of this type of reactions can be found in 
ref. [11]. Numerous reports exist on soft mechanochemistry, e.g. from Avvakumov and 
Kosova [12] or Senna [13]. Applications of mechanochemistry can be found in various 
fields, such as biochemistry and geology. Preparation of catalysts has been reported 
several times, usually involving various interactions between solids and gases. In this 
way, V-containing catalysts [14], Ce02-based catalysts [15] and Cu/MgO catalysts [16] 
have been prepared. 

In this chapter, mechanochemical reactions are described with Cu and Zn oxides, 
hydroxides and hydroxide-carbonates. All reactions described above are observed, de
pending on the starting materials as well as on the atmosphere in which mechanical 
milling is carried out. Description of the reactions that may occur in the pure Cu or 
Zn compounds may clarify reactions occurring between Cu and Zn compounds. These 
reactions may play a role in obtaining an intimate mixture of metal cations, which can 
be activated by reduction in hydrogen to become active catalysts for the synthesis of 
methanol from 'synthesis gas' (a mixture of CO, C 0 2 and H2). These mixtures will be 
described in chapter 7. 

In order to make a comparison with these mixed Cu/ZnO catalysts, similar char
acterisation methods are applied for the separately milled Cu and Zn compounds that 
are described in this chapter. Decomposition and reduction are monitored by means of 
temperature programmed techniques, and surface areas are determined both after de
composition and reduction. The techniques that are used have the additional advantage 
that they provide a bulk representation of the prepared samples and can clarify the 
mechanochemical reactions that take place in the materials. 
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6.2 Mechanically milled Cu, C u 2 0 and CuO 

Mechanochemical reactions are described that occur in metallic and oxidic Cu. Milling 
has either been carried out under vacuum, in an oxygen-containing atmosphere (synthetic 
air) or in carbon dioxide. 

6.2.1 Experimental 

Mechanical milling was carried out with powders of Cu (40 pm, 99.5% pure), C u 2 0 
(<74 urn, 99% pure) and CuO (<74 /xm, 99.9% pure), all purchased from CERAC. 2 g 
of these materials were milled in a vibratory mill for typically 200 h. For milling under 
vacuum, the pressure was lower than 10~6 mbar during continuous pumping. Milling in 
synthetic air (20% 0 2 in N2, 99.999% pure) and carbon dioxide (99.998% pure) took place 
at a total pressure of 2 bar after evacuation, filling with this gas and again evacuation to 
10^6 mbar. Ambient air was not considered because of climatic variations, e.g. a variation 
of the water-vapour content. 

Cu° specific surface areas were determined by N 2 0 chemisorption during Thermo-
gravimetric Analysis (TGA, section 2.5.2). Prior to the chemisorption experiments, the 
samples were pre-treated and reduced. Pre-treatment was carried out by heating in an Ar 
flow at 200 K/h up to 508 K and then at 100 K/h up to 523 K. After cooling in Ar to am
bient, reduction was performed by heating in H2 /Ar with the same temperature program. 
For reduction, the highest temperature was held during 5 min. The CuO sample that 
had been milled in C 0 2 was pre-treated by heating at 200 K/h up to 623 K. Detection 
of decomposition or reduction products was carried out by means of Mass Spectrometry 
(MS). The error in the Cu° specific surface areas is about 1 m2/g-

Temperature Programmed Reduction (TPR, section 2.5.3) was performed by H2-
consumption measurements after pre-treatment in a He flow with the same tempera
ture program as for TGA. Oxidation levels of Cu (degree of Cu reduction, defined as 
mol Cu°/mol Cu t o t a r100%) were determined from reduction patterns of both TGA and 
TPR. This is the amount of Cu present in original unreduced compound that has been 
transformed into Cu° by reductive treatment. 100% of Cu reduction corresponds to the 
initial oxidation level of CuO, and 50% to the oxidation level of C u 2 0 . The errors are 
within 1% for TGA and 4% for TPR. 

BET fits of N2 physisorption data (section 2.4.2) were carried out for Cu samples 
after pre-treatment in a He flow (99.996% pure; 100 ml/min) and reduction in He/H2 

(2/1, total flow: 100 ml/min; hydrogen purity: 99.999%), using temperature programs 
identical to those for TGA. The error in the total surface areas is within 15%. Pore-size 
distributions were determined by means of Hg porosimetry. 

For all samples, XRD patterns were determined. Mean particle sizes are calculated by 
averaging over their surface area. The total contamination of the milled samples, as deter
mined by ICP-AES (section 2.2.1), was in general well below 1 at.%. The contamination 
mainly consisted of Fe, with some additional Cr and Ni. 
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Sample Milling Mean degree Cu degree Cu -* Max. reduction 
conditions partiele reduction reduction (TGA) 

size [/im] (TGA) [%] (TPR) [%] [K] 
Cu unmilled 11.7 5.4 - 402 
Cu synth. air 9.3 99.6 _ 408 
Cu co2 

- 1.2 — 368 
Cu20 unmilled 8.5 50.1 — 515 
Cu20 vacuum - 52.2 - 408 
Cu20 synth. air - 108.3 100 406 
Cu20 co2 11.6 49.9 — 397 
CuO unmilled 16.2 101.2 100 414 
CuO vacuum 10.7 95.4 85 404 
CuO synth. air 10.0 103.6 — 410 
CuO co2 13.6 97.2 98 407 

Table 6 .1 : Analytical dat. î of unmilled and milled Cu. Clio O and O if) 

6.2.2 Mechanochemical reactions 

Powders of Cu, Cu 2 0 and CuO were mechanically milled during 200 h under vacuum, 
in synthetic air and in carbon dioxide. Milling of Cu under vacuum was not considered, 
as Cu powder tends to coalesce during milling due to its high ductility. A significant 
broadening of the diffraction lines is observed in the XRD patterns of all milled sam
ples (figure 6.1a-c). This line broadening is typical of all mechanically milled materials 
and indicates a reduction of the crystallite size due to disordering and microstructural 
refinement. In figure 6.1, a subtraction of the background has been carried out for better 
recognition of the diffraction lines, except for CuO milled in C 0 2 . The latter sample has 
undergone almost complete amorphisation. During milling, broadening of the particle-size 
distribution is observed for all samples, the mean particle size (8-16 /im) being slightly 
smaller for milled samples. 

Three different types of reactions are observed during the milling experiments, as can 
be concluded from the XRD patterns and from the oxidation levels (% Cu reduction) 
that are determined from H2-reduction data (table 6.1): oxidation, carbonate formation 
and reduction. 

Oxidation: The original reflections in the XRD patterns of the Cu and C u 2 0 samples 
that were milled in synthetic air have almost completely disappeared in favour of a pattern 
of CuO (figure 6.1a and b). In the Cu and C u 2 0 samples that were milled under vacuum 
or in C 0 2 , the original XRD lines are retained, indicating the absence of a chemical 
reaction during milling. Complete oxidation to CuO of the Cu and C u 2 0 samples that 
were milled in synthetic air can also be concluded from the oxidation levels. 

Carbonate formation: For the CuO sample that has been milled in C 0 2 , decomposi
tion into CuO and C 0 2 is observed by TGA-MS (Mass Spectrometry) around 589 K. It 
was determined that, during milling, 65.4% of the CuO had been transformed to CuC0 3 . 
However, no CuC0 3 diffraction lines can be observed (main reflections at 24.7°, 29.9° and 
33.9°). The halo that is observed in the XRD pattern (figure 6.1c) must therefore be due 
to the formation of amorphous Cu carbonate. After decomposition at 773 K, porosity is 
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Figure 6.1: XRD patterns of unmilled and milled (a) Cu, (b) C u 2 0 and (c) CuO 
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observed with pore diameters of around 100 nm. 

Reduction: As metallic Cu is always covered with a surface oxidation layer, the as-
received sample has a nonzero oxidation level. As the oxidation level has decreased after 
milling m C 0 2 . reduction of the surface passivation layer has apparently occurred. For the 
Cu 2 0 sample milled in C 0 2 , no such effect is observed in the reduction data. However, 
during pre-treatment a weight loss of about 0.27% of the total mass after reduction 
is observed at 418 K, which could be caused by decomposition of an unstable copper 
carbonate species. The H2-reduction data of CuO milled in C 0 2 suggest that, except for 
carbonate formation, some reduction takes place during milling as well. 

Reduction can also be observed during milling of CuO under vacuum, which follows 
from both the TGA and the TPR data. It has to be remarked that this sample was 
unusually contaminated with a comparatively large amount (in this case in total around 
9%) of metallic Fe and Cr, due to a different pre-treatment of the milling vial. The 
contamination has been corrected for in table 6.1 by subtraction of its contribution to 
the total weight. 

6.2.3 H2-reduction patterns and structure after reduction 

As compared to their unmilled precursors, all milled samples show decreased reduction 
temperatures, which is especially apparent for Cu 2 0 . The decrease of the reduction tem
perature can be explained by roughening of the surface due to the creation of matrix 
defects and of O vacancies [17]. Very steep reduction profiles are found for all CuO sam
ples and for the Cu and C u 2 0 samples that were milled m synthetic air. Reduction is 
accompanied by an additional temperature rise of a few degrees, as observed by a ther
mocouple positioned next to the sample in the thermobalance, indicating that reduction 
proceeds very quickly and exothermically (AH0 for CuO reduction is of the order of 
- 1 0 5 J/mol). This can be attributed to insufficient transport of excess heat and auto-
catalysis by freshly reduced Cu° [18]. The other samples have much broader reduction 
profiles, which can be explained by their lower oxidation levels. 

For all samples that were milled in C 0 2 , the reduction peak is located at a relatively 
low temperature, also compared to other milled samples. Apparently, both the presence of 
C 0 2 and a low 0 2 partial pressure during milling give rise to an easily reducible structure, 
which is also indicated by the lower oxidation levels of the Cu and CuO samples after 
milling. The decreased reduction temperature for the CuO sample milled under vacuum 
may also be attributed to a larger number of O vacancies at the surface (and thus the 
presence of Cu°) facilitating initiation of the reduction. The TPR peak maxima that 
have been determined follow the trends of the TGA peak maxima. 

The Cu° specific surface areas (determined by N 2 0 chemisorption) and BET surface 
areas (both after reduction) are summarised in table 6.2. The surface areas of the Cu 
and C u 2 0 samples that were milled in synthetic air are slightly larger than those of their 
unmilled precursors, whereas of all milled CuO samples they are highly increased. This 
increase cannot only be attributed to the decrease in particle size, but is also due to 
surface roughening. 

A ratio of about 1.8 between the BET surface areas and the Cu° specific surface 
areas is observed for the reduced CuO samples, whereas similar values for the two 
different methods are expected. The same ratio is observed when C 0 2 is taken as a 
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Cu° surface area (N20) [m2/g] unmilled vacuum synth. air C 0 2 

"CÏÏ 0.6 2.1 0.5 
Cu 20 0.4 2.1 1.9 0.4 
C u 0 2.2 15.4 19/2 10.0 

BET surface area (N2) [nr/g] 
CJuÖ 4.9 28 31 17_ 

Table 6.2: Cu° and BET surface areas after H2 reduction of unmilled and milled Cu, 

C u 2 0 and CuO samples 

probe molecule for physisorption instead of N2, excluding a different orientation of the 
physisorbed N2 molecule. No explanation for this has yet been found. Possibly, the 
number of chemisorbed O atoms per Cu atom is smaller than assumed under the applied 
conditions. Other assumptions made with both methods may be more or less inaccurate. 
The ratio could also be influenced by incomplete reduction (see also section 6.4.5). 

6.3 Mechanically milled ZnO 

Similarly to in section 6.2, mechanochemical reactions are described that occur during 
milling of ZnO under vacuum, in synthetic air or in carbon dioxide. 

6.3.1 Experimental 

Mechanical milling was carried out with powders of ZnO (<74 izm, purity 99.995%, 
CERAC). 2 g were milled in a vibratory mill for 200 h, under the same conditions as 
described in section 6.2.1. XRD patterns and mean surface averaged particle sizes were 
determined. Metallic contamination was determined by means of ICP-AES. Lumines
cence measurements were carried out by means of an Ar UV laser (section 2.3.4). 

N2 physisorption (section 2.4.2) was carried out after drying at 383 K under vacuum, 
whereas the ZnO sample that was milled in C 0 2 was decomposed under vacuum at 623 K. 
The error in the BET surface areas is within 15%. Pore-size distributions were determined 
by means of Hg porosimetry. 

6.3.2 Defect formation. 

After milling of ZnO under vacuum, in synthetic air, and in C 0 2 , the white colour of ZnO 
(due to light scattering in the transparent material) had changed to olive-green (vacuum), 
yellow-green (synth. air), and yellow (C0 2 ) . The XRD patterns of the samples do not 
reveal shifts of the reflections, indicating that the lattice parameters of all milled ZnO 
samples have remained unchanged by milling (except for the typical line broadening). No 
new reflections can be observed. A small amorphous halo was observed for ZnO milled 
in C 0 2 . The BET areas increase after milling (see table 6.3), but at most with a factor 
of 3 for ZnO milled in C 0 2 . No porosity was observed after milling under vacuum or in 
synthetic air. 
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Milling 
conditions 

Mean particle 
size [/im] 

BET surf, 
area [m2/g] 

metallic 
contamination [%] 

unmilled 
vacuum 
synth. air 

co2 

15.0 
11.6 
13.0 
10.5 

3.0 
4.2 
6.0 
8.4 

0.05 
1.2 
0.5 
0.1 

Table 6.3: Analytical data of unmilled and milled ZnO samples 

The colour changes have been observed by others in milled ZnO as well [19]. Con
tamination by the milling equipment is clearly limited (table 6.3), and cannot be the 
explanation. Colour centres can be formed by irradiation [20] but are commonly found 
after a high-temperature treatment at around 1500 K and are generally explained to be 
due to oxygen vacancies. The number of oxygen vacancies is significantly higher after a 
thermal treatment in N2 than m 0 2 [21]. Milling under vacuum will also result in the 
formation of oxygen vacancies and give rise to a higher number than milling in synthetic 
air. Alternatively, milling in synthetic air could also result in a limited amount of in
terstitial oxygen. As the error in the ICP measurements is around 2%, the exact defect 
concentration is too small to be detected by means of this technique. 

In order to investigate the nature of the defects created in the different samples, 
luminescence measurements have been carried out for the samples milled under vacuum 
and in synthetic air, as well as for the unmilled sample. Luminescence spectra are shown 
in figure 6.2. The spectra have been shifted in the vertical direction for better distinction. 
With respect to the spectrum of the unmilled sample, clear differences are observed at 
both ends of the spectrum. The peaks around 385 and 800 nm that are observed for 
the unmilled sample disappear completely for both milled samples. Moreover, the peak 
around 505 nm decreases m intensity and a shift to a higher wavelength is'observed, 
resulting in a broad peak around 550 nm. The intensity for the sample milled under 
vacuum is lower than that milled in synthetic air. 

The spectra can be compared to spectra of ZnO films grown at 673 K in oxygen at 
pressures of 1.33 • 10~3, 0.027 and 0.27 mbar [22]. The size of the UV peak decreases 
and finally disappears for lower oxygen pressures. At 0.27 mbar, 2 peaks around 500 and 
550 nm can be^observed. At 0.027 mbar, a low-intensity peak of 550-600 nm remains, 
and at 1.33 • 10"3 mbar, a peak around 420 nm is observed. The spectrum of the unmilled 
sample resembles that of ZnO grown at 0.27 mbar, while both milled samples resemble 
more that grown at 0.027 mbar. The green-yellow luminescence (500 and 550 nm) has 
been related to the oxygen vacancies in ZnO crystals [23]. This luminescence is due 
to radiative transitions between shallow donors (O vacancies) and deep acceptors (Zn 
vacancies) [24], With the decrease of O vacancies, the Zn vacancies may also increase, 
resulting in the pronounced emission of the green-yellow luminescence at higher oxygen 
pressures. The violet luminescence around 420 nm is thought to be emitted from the grain 
boundaries of O-deficient ZnO. The intensity of the UV luminescence strongly depends 
on the stoichiometry and is highest for the smallest oxygen deficiency. 

In both milled samples, oxygen vacancies have clearly been formed. The oxygen 
partial pressure only influences the extent of creation of oxygen vacancies, with a higher 
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Figure 6.2: Luminescence spectra of unmilled and milled ZnO 

density of oxygen vacancies at lower milling pressure. However, the violet luminescence, 
which is considered to be typical of highly defective ZnO, is not observed for milled 
samples. Milling has thus resulted in limited formation of O vacancies for both vacuum 
and synthetic air. 

6.3.3 Carbonate formation. 

During milling of ZnO in C 0 2 , 13.3% of Z11CO3 has been formed. Decomposition into ZnO 
and C 0 2 is observed by TGA at around 558 K. As ZnO does not reduce under H2 at these 
relatively low temperatures, both the extent of decomposition and the decomposition 
profile are observed to be independent of the atmosphere (either inert or reductive). After 
decomposition at 623 K, the amorphous halo has disappeared from the XRD pattern, the 
BET area had increased to 18.8 m2 /g , and a significant number of mesopores with a pore 
diameter of around 5 nm was detected. As no change in mean particle size has taken 
place during decomposition, the higher BET area after decomposition thus is entirely due 
to porosity. 

6.4 Mechanically milled Cu and Zn hydroxides and 
hydroxy-carbonates 

Decomposition of copper hydroxides and hydroxy-carbonates as well as of zinc hydroxides 
and hydroxy-carbonates to the corresponding oxides occurs during mechanical milling of 
these compounds under vacuum, while carbonates are formed in C 0 2 . 
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6.4.1 Experimental 

All samples were mechanically milled in the vibratory mill. The vial was loaded with 
2 g o f material We used powders of Cu(OH)2 (Aldrich, 56-57% Cu), Zn(OH)2 (Alfa), 
OuOU3-Cu(OH)2 (Cu-hydroxy-carbonate, Janssen, 54-56% Cu) and ZnC03-2Zn(OH)2 . 
H 2 0 (Zn-hydroxy-carbonate, 97%, Aldrich). Milling was performed under vacuum with 
continuous pumping ( < l ( r 6 mbar) and m carbon dioxide (cf. section 6 2 1) 

Cu specific surface areas were determined by N 2 0 chemisorption during Thermo-
gravime nc Analysis (TGA). Prior to the chemisorption experiments, the samples were 
pre-treated and reduced. Decomposition was earned out by heating to 750 K in either 
Ar or m synthetic air (20% 0 2 in N2). Reduction was carried out m H2 /Ar at 600 K 
(held during 5 mm) after heating at 200 K/h, and was in some cases preceded by a 
pre-treatment (décomposition). Cu° areas are g lven in m* per gram of reduced material 
with an error of about 0.5 m 2 /g . 

Total surface areas were determined by the BET-method (N2 physisorption), either 
after decomposition at 773 K m air, or after subsequent reduction in H2. Reduction was 
carried out by heating m H2 at 200 K/h to a maximum that varied for the different 
samples. 473 K for the CuC03-Cu(OH)2 samples, and 523, 548 and 573 K for Cu(OH) ' 
unnnled after milling in C 0 2 and under vacuum, respectively. This temperature was 
kept for 2 to 3 h, while H2 was refilled several times until reduction was complete The 
error m the BET surface areas is within f 5%. All areas are given in m 2 /g at the moment 
of physisorption (i.e. after decomposition or reduction). Pore-size distributions were 
determined by means of Hg porosimetry. 

Two subsequent DSC traces were taken at a heating rate of 600 K/h up to 823 K By 
subtraction, decomposition traces were obtained. Temperature Programmed Reduction 
( IFK) was carried out after pre-treatment by heating at 600 K/h up to 773 K which 
W a ! S t

U ™ f ° ^ ^ T h e e r r 0 r S m t h e C u o x i d a t l o n l e v e l« are within 1% for TGA and 47o for TPR. 

For all samples, XRD patterns were determined and mean particle sizes were calcu
lated by p a g i n g over their surface area. The contamination of the müled samples, as 
determined by ICP-AES, mainly consisted of Fe, with some additional Cr and Ni. 

6.4.2 Decomposition under vacuum 

XRD patterns (figure 6.3) were taken of Cu(OH)2 , Zn(OH)2. CuC03-Cu(OH)9 ('Cuhe'l 
and ZnCO,2Zn(OH) 2 .H 2 0 ('Znhc') after different millmg times. It can be observed from 
he diffraction patterns that, during millmg under vacuum, the materials decompose into 

their corresponding bivalent oxides, CuO and ZnO. At intermediate milling times (50 h) 
the structure is highly amorphous, which could be due to crystallite size refinement during 
millmg, but more likely due to destruction of the crystalline order during decomposition 
1 his highly amorphous intermediate structure is not observed for Zn(OH)2 as can be 
concluded from the limited line broadening and absence of an amorphous halo (figure 6 3) 

Aside from the oxides, the decomposition products are H 2 0 for the hydroxides, and 
H 2 0 and C 0 2 for the hydroxy-carbonates. The relative masses of these products as 
compared to their theoretical values were determined by decomposition of the samples 
m a DSC, and are given m table 6.4. For unmilled Cu(OH)2 and Cuhc the presence 
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Figure 6.3: XRD patterns of unmilled and milled Cu(OH)2, Zn(OH)2, Cuhc and Znhc 
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ib ample Mass % 
Oh 

) decomposition 
50 h 200 h 
vac vac 

products 
200 h 

co2 

Mean rdecomDosition [K] 
0 h 200 h 200 h 

vac OOo 
Cu(OH)2 

Zn(OH)2 

CuC03-Cu(OH)2 

ZnC03-2Zn(OH)2 H 2 0 

111 
86 

106 
97 

70 
84 
55 
88 

22 
23 
35 
75 

178 
157 

455 
521 
535 
530 

556 534 
501 519 
509 
547 

Table 6.4: TGA decomposition data of unmilled and milled hydroxides and hydroxy-
carbonates 

of hydrates is indicated as these values are higher than the expected 100% On the 
other hand the low value for unmilled Zn(OH)2 indicates the presence of some ZnO The 
decrease of the amount of decomposition products confirms that decomposition takes 
place during milling^ Upon heating in the TGA-MS apparatus, no significant change 
in the ratio of the C 0 2 and H 2 0 signals can be observed after milling of Cuhc and 
Znhc indicating that homogeneous decomposition of the hydroxy-carbonates takes place 
and that no selectivity exists for a specific anion. As Znhc is strongly hygroscopic the 
original structure is partly recovered when the decomposed sample is exposed to amb.ent 
air for a prolonged period. The strong hygroscopic character may also be the cause 
that decomposition takes place only to a limited extent during milling, even after longer 
nulling times. Consequently, the hygroscopic character resides m the milled sample and 
thus facilitates recovery. 

After milling, the colour of the materials has changed to black for the copper com
pounds and to grey for the Zn compounds. These colours correspond well to those of 
he respective oxides. While ZnO is white (actually transparent at larger particle sizes) 

the grey colour of the milled Zn compounds (most pronounced for Zn(OH)2) may be ex
plained by surface roughening, but also by incomplete decomposition. After subsequent 
decomposition at 750 K, the remaining ZnO has a green colour, which is characteristic 
ol the presence of O vacancies. This is again most pronounced for Zn(OH)2 UV Pho 
tolummescence measurements indeed show a similar spectrum as for ZnO milled under 
vacuum (section 6.3.2) and thus confirm the presence of O vacancies 

Contamination (mainly consisting of Fe) is remarkably high for the milled hydroxide 
samples as well as for Cuhc, at approximately 3 at.% of the metallic fraction Contam
ination is much lower at 0.3% for Znhc, possibly because energy can be transferred less 
easily to the material that is more paste-like due to its strong hygroscopic character 

6.4.3 Carbonate formation in hydroxides 

After milling of pure Cu(OH)2 and Zn(OH)2 in C 0 2 during 

composition products as determined by TGA has increased (table 6.4), indicating the 
tormatinn nf ™A™nt™ A„ j • ,• ,. , . . n ° c 

, , , -x-™-.™ ^ . v ^ ^ i u r o moo uneii lespective oxides 
takes place during milling under vacuum, and carbonate formation by milling of oxides 
m C 0 2 (sections 6.2.2 and 6.3.3). net replacement of hydroxides by carbonates has ap-
parently occurred. F 
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XRD patterns (figure 6.3) show the presence of a halo, and thus of a highly amorphous 
structure for both materials. It can be determined from TGA-MS that, for Cu(OH)2 , 
only the peak at the highest temperature (figure 6.4a) clearly corresponds to decomposi
tion of a carbonate. The size of this peak corresponds to about 32% of the mass of the 
decomposition products, whereas the surplus of decomposition products with respect to 
unmilled Cu(OH)2 is about 38%. As these numbers are about equal, no net replacement 
of hydroxides by carbonates has occurred and hydrates must have formed during decom
position of the hydroxides. In Zn(OH)2 on the other hand, the MS-signal of C 0 2 is of the 
same order as that of H 2 0 . Assuming that hydrates consequently comprise a negligible 
fraction, it can be determined that replacement of OH" by C 0 3

2 has occurred up to 
half of the amount of complex anions. The contamination levels of around 0.5% are much 
smaller than for samples milled under vacuum. 

6.4.4 Structure after decomposition 

Upon prolonged milling, the decomposition temperatures change (figure 6.4). Decompo
sition has been carried out by TGA at rates of 300 K/h for Zn compounds, at 72 K/h 
for Cu(OH)2 and at 200 K/h for Cuhc. Mean values of the decomposition temperatures 
are given in table 6.4. In general, surface roughening and crystallite-size reduction due to 
milling facilitate decomposition, which is indeed observed for Zn(OH)2 and Cuhc. Higher 
decomposition temperatures however are observed for Cu(OH)2 and Znhc after milling 
under vacuum, which may be explained by their hygroscopic character. During milling, 
hydrates as well as part of the hydroxide ions become less firmly bound and turn into 
free water or into a weakly bound hydrate. At the same time, due to the partial decom
position, the hydrogen bond strength increases [1], which results in a stronger binding of 
the OH" group and consequently in a higher decomposition temperature. In case milling 
is carried out after a brief period of evacuation, i.e. not during continuous pumping, de
composition peaks around 383 K can indeed be observed for both Cu(OH)2 and Znhc, 
indicating mechanical activation resulting in the release of hydrates. This mechanism 
also explains why a lower decomposition temperature was observed for Cu(OH)2 after 
milling in a closed vial [25], as well as for partly decomposed Ni(OH)2 after milling in Ar 
[26], as in both cases the samples were not milled under high vacuum. 

Decomposition of components at lower temperature is also observed for Cu(OH) 2 / 
C 0 2 , which is prepared at a higher partial water pressure than the sample milled under 
vacuum. The peak at 652 K corresponds to decomposition into C 0 2 and gives rise to a 
higher mean decomposition temperature. When ignoring this contribution, a decomposi
tion temperature of the remaining hydroxide of 480 K is found, which is indeed not much 
higher than for the unmilled material. For Zn(OH) 2 /C0 2 , the C 0 2 and H 2 0 decomposi
tion peaks appear simultaneously, which is also the case for the hydroxy-carbonates. ^ 

During decomposition, an endothermic peak is observed by DSC and is accompanied 
by a shift of the specific heat cp to a higher value (figure 6.5), which can be explained 
by restructuring of the materials during decomposition. After long milling times under 
vacuum however, both the decomposition peak and the shift of cp disappear for the 
hydroxides, whereas a sharp decrease in peak size and shift is observed for Cuhc. This 
can be explained by decomposition of the compounds during milling. For milled Znhc, the 
shift of Cp occurs abruptly prior to decomposition and is accompanied by an exothermic 
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Figure 6.4: TGA decomposition proäles of unmilled and 200 h milled Cu(OH)-, 
Zn(OH)2, Cuhc and Znhc ' 

peak. Moreover, a double decomposition peak is observed at intermediate milling tunes 
of winch the highest disappears at longer milling times. XR.D during heating unde 
vacuum shows that restructuring indeed only starts above the shift of cp , observable as 
a decrease of the background signal, disappearance of the halo and as crystallite growth 
The sudden onset of restructuring and the exothermic effect are clear indications of 
activation by mechanical muling. The high temperature of the onset indicates the high 

mUW g r , e r f f i ; 1 f ^ ^ C ° m p l e X a m ° n S ' a n d e X p k m S W ^ decomposition during 
milling is limited for this sample. In the hydroxides that were milled in C 0 2 the DSC 
traces show an additional endothenmc peak. This is also the case for Zn(OH) 2 /CO, 
m which hydroxide and carbonate decomposition occur sunultaneously. The enthalpy of 
decomposition of the carbonates thus differs distinctly from that of the hydroxides which 
do not show a clear enthalpy effect. 

After milling the surface areas increase for Zn containing samples and decrease for 
Cu samples (table 6.5). Mean particle diameters of 18 Mm are found for milled Zn(OH), 
whereas diameters of 7-12 Mm are observed for the other milled samples. These values 
are close to the values found before milling, except for Cuhc, which has a mean diameter 
of 35 /zm prior to milling. The size distributions are broadened for all milled samples 
and hardly change during decomposition. As the particle sizes are roughly equal they 
obviously cannot explain the differences in surface area found ' 

Porosity plays a prominent role and can better clarify the large differences found (fig
ure 6.6). For the decomposed Cu compounds, porosity explains the sharp decrease in the 
BET areas after milling. Pores are found down to 10 nm for unmilled Cu(OH)2 whereas 
practically no porosity is observed for Cu(OH)2 muled under vacuum. For Cu(OH)2 
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Figure 6.5: DSC traces of unmilled and milled Cu(OH)2, Zn(OH)2, Cube and Znhc 

Sample Crystallite size M BET area m2/g] 
Oh 200 h 

vac 
200 h 
C0 2 

18 
26 

Oh 

37 
7.3 

28 
23 

200 h 
vac 
7.0 

22 
13 
29 

200 h 
C 0 2 

Cu(OH)2 

Zn(OH)2 

CuC03-Cu(OH)2 

ZnC03-2Zn(OH)2 •H20 

13 
>50 

23 
26 

8 
18 
13 
20 

200 h 
C0 2 

18 
26 

Oh 

37 
7.3 

28 
23 

200 h 
vac 
7.0 

22 
13 
29 

16 
20 

Table 6.5: Crystallite sizes and total surface areas (after decomposition) of unmilled 
and milled hydroxides and hydroxy-carbonates 
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Figure 6.6: Pore size distributions of unmilled and milled Cu(OH)2, Zn(OH)2, Cuhc 
and Znhc after decomposition, as measured by Hg porosimetry 

milled in C 0 2 , two sizes of pores can be observed averaging 45 and 200 nm The total 
surface area is higher than for the sample milled under vacuum, but still lower than that 
of unnnlled Cu(OH)2. For Cuhc, the number of pores with S1zes between 10 and 100 
nm decreases significantly after milling, and the average size decreases from 30 down to 

aLTd son H" " " ^ d e C r T °f t h e SUrfaCe area- F ° r Zl<0E>^ P° res w i t h - - s around 300 urn decrease m number after milling under vacuum, whereas a considerably 
increased fraction of mesopores is found between 5 and 40 nm. The decrease of porosity 
around 300 nm is not observed for Zn(OH)2 milled in C 0 2 , and additional pores are 
found around 30 nm. The mesoporosity in both milled Zn(OH)2 samples explains the 
increase m surface area after milling. For Znhc, the number of pores with sizes around 
40 nm decreases after milling, but a larger number of pores between 10 and 20 nm is 
found. These effects cancel out more or less, as the increase m surface area after milling 
is small. The surface areas that are found with Hg porosimetry confirm the BET areas 

During decomposition, the crystallite sizes increase slightly. Values determined after 
decomposition are given in table 6.5. Crystallite sizes are smaller for the samples that have 
been milled under vacuum as compared to the unmilled materials, except for Cu(OH)2 

nulled m C 0 2 , for winch they are even slightly larger. The unusually small crystallite sizes 
determined for the unmilled materials are remarkable, but may be explained by a specific 
preparation procedure for these materials. As, except for the Cu(OH)2 samples the 

e t ? T ^ w ' T 0 " f " S C a l e W d l W l t h t h e C h a n g e s i n c r y s t a l l l t e S l z e- it cannot be 
excluded that roughness of the particles is probed due to the presence of small crystallites 
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Sample Milling Mean Induction Crystallite Surface area [nr/gj 
conditions (TPR) [K] size [nm] Cuu BET 

Cu(OH)2 unmilled 480 >50 0.2 <1 
vacuum 563 >50 0.2 2.8 
C0 2 521 >50 0.2 <1 

CuC03-Cu(OH)2 unmilled 441 >50 3.3 2.8 

vacuum 427 24 29 23 

Table 6.6: Reduction temperatures, crystallite sizes and surface areas (after reduction) 
of unmilled and milled hydroxides and hydroxy-carbonates 

6.4.5 Structure and surface determination of Cu compounds 
after H2-reduction 

Analytical data of Cu compounds during and after reduction in H2 are given in table 6.6, 
and TPR patterns are shown in figure 6.7a. For Cuhc, milling leads to a decrease in 
reduction temperature (after decomposition), which can be understood considering the 
decreases in particle and crystallite size. Moreover, formation of defects may also facil
itate reduction. On the other hand, for Cu(OH)2 the reduction temperature increases 
substantially after milling under vacuum, but less in C 0 2 . Several species that reduce at 
different temperatures can be observed in the hydroxide materials. The higher reduction 
temperatures are again in contrast to observations of a decrease of the reduction temper
ature for Cu(OH)2 milled in an [25]. For Cu(OH)2 , milling has altered the structure such 
that it has become harder to reduce, even after decomposition, although no explanation 
can be found from the X-ray patterns. Different Cu species are indeed known to be 
formed for CuO prepared from different precursors by calcination in air. These give rise 
to a wide range of reduction temperatures [17]. CuO reduction of about 4% was observed 
in milled Cu(OH)2, although this is in the same order as the error. 

Very low Cu° areas as well as BET (and Hg) surface areas are found for all hydroxides. 
A slightly higher BET area is found for the sample milled under vacuum, although all 
values are close to the detection limit for both techniques. Low Cu° surface areas are 
found for both high (200 K/h) and low heating rates (72 K/h) and also in case a pre-
treatment is carried out in synthetic air for a prolonged time, or not carried out at all. 
This makes sintering due to the presence of excessive amounts of water unlikely. A 
somewhat higher Cu° area of 2.0 m 2 /g however is found after direct reduction (without 
pre-treatment) of Cu(OH)2 milled m C 0 2 , which can be attributed to a higher porosity 
due to the presence of carbonates. The porosity may disappear easier for reduction of 
the decomposed sample, or may have already partly sintered away during calcination. 
No differences in the diffraction pattern can be observed with respect to pure Cu. The 
crystallite sizes after reduction are quite large (>50 nm for all hydroxides). For Cuhc, the 
Cu° area (after pre-treatment and reduction) increases significantly after milling under 
vacuum. The differences can be attributed to smaller crystallites (table 6.6). 

The reduction in crystallite size and the formation of defects due to mechanical milling 
obviously inhibit sintering during reduction. Larger crystallites sinter more easily than 
nanocrystals, as energy is required to destroy the grain boundaries. Although small crys-
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F i g u r e 6.7: (a)TPR patterns after decomposition and (b) porosity after decomposition 
and reduction of unmilled and milled Cu(OH)2 and Cuhc 

c w T v ! H h h i f e r " T Z t h a n c l a r g e C r y S t a l l l t e S > t h e destruction of the gram boundaries 

and 1 r ? nCt' ^ ^ ^ ** t 0 * S6Vere deCrease ln su r face area 
and occurs quicker for smaller particles. However, for all milled samples, the decrease in 
surface area during reduction in H2 is significantly smaller than for the unmilled materi
als whereas the particle sizes are of the same order. This indicates that the formation 
of a large number of defects and gram boundaries has a large suppressive effect on the 
sintering behaviour. As the gram boundaries are more mobile at higher temperature 
and during reduction they may disappear more easily for high reduction temperatures 
which could explain the strong sintering of the hydroxides. Most likely the high reduction 
temperature of the Cu species gives rise to sintering and correspondingly to low surface 
areas. Moreover, for the decomposed hydroxides, low porosity was found, indicating I 
less open structure. This may also enhance sintering. After reduction, the pore sizes 
(figure 6.7b) are much smaller for the nulled materials, and substantiate the differences 
m tne crystallite sizes. 

Considerably higher BET surface areas are found for incompletely reduced materials. 
in the presence of small fractions of unreduced material, unmilled Cuhc has a BET area 

to the v i g ' 7 ? f V a l U 6 S f ? t 0 2 ° m V g a r e f 0 U n d fOT o x i d e s . As compared 
to the values found for completely reduced Cuhc and Cu(OH)2 (table 6.6), these values 
are significantly larger, especially for the hydroxides. For Cuhc, the difference found for 
incomplete reduction possibly explains the factor of 1.8 between BET and Cu° area that 

tW RFT r Pre I""8 1 7 fOT mUled CU ° X l d e S ( s e C t l ° n 6 ' 2 - 3 ) - T h e m a i n difference is 
that BET has now been earned out immediately after reduction, while being entirely 
certam that no further H2 consumption takes place. As a large amount of material was 
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F i g u r e 6.8: Oxidation patterns during N20 chernisorption and tits of the subsurface 
contribution: (a) Cube milled under vacuum and (b) Cu(OH)2 milled in 
CO-2 (enlarged) 

available, the BET value for unmilled Cuhc is the most accurate of the values given here. 
Reduction conditions are somewhat more severe however, as reduction had to be carried 
out during a somewhat longer period, so that sintering cannot be excluded. Incomplete 
decomposition or reduction gives rise to differences in the chemistry of the surface by the 
presence of oxides, hydroxides or hydroxy-carbonates, and probably results in the large 
differences for N2 physisorption. The presence of oxides after partial reduction will also 
inhibit sintering by functioning as a 'support' for Cu°, thus giving rise to a higher surface 
area. Considering the high reduction temperatures for hydroxides, sintering conditions 
are optimal for full reduction, which could explain the significant decrease in surface area. 

For determination of the Cu° area from N 2 0 chernisorption, subtraction of the sub
surface contribution is usually carried out by linear back-extrapolation of the oxidation 
curve [27], For the Cuhc samples as well as for many other samples (section 6.2.3) this 
works well for fits between 5000 and 10000 s, which results in an adequate determination 
of the Cu° surface. However, the sub-surface oxidation is not a strictly linear curve, as 
the oxidation-time relationship is somewhere between logarithmic and cubic, as can be 
expected at this temperature [28]. Therefore, the oxidation curve remains bent at large 
time-scales, which results in uncertainty about the fit boundaries and, in this way. in large 

•rors for samples with small Cu° Indeed, the sub-surface oxidation patterns of the 
Cu(OH)2 samples are somewhat more curved as compared to the surface contribution, 
and an alternative fit was made by a 2nd-order polynôme between 2000 and 20000 s 
(figure 6.8). 
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6.5 Summary and conclusions 

Mechanochemical reactions are observed during mechanical milling of Cu and Zn eom-
a T r n t r n T T f T ^ 6 8 ' A r e d U C t l ° n ° f ^ C r y S t a l H t e S l z e d u e to disordering 
mtZ Mm f r 7 r 1 S n° b S e r V e d for a11 m a t e r i a l s ' a n d 1S ^ l c a l of mechamcal milling. Milling of Cu and C u 2 0 results in oxidation to CuO when milling is carried 

clZTT r MminS °f C U ° reSUltS 1D Partlal reductlon u n d- » and in carbonate formation when carried out in C 0 2 . No carbonates are formed from C u 2 0 
nor does any reduction take place. Bivalent Cu is found to be required when C 0 2 is to 
be built into a copper-oxide matrix or for creating oxygen vacancies. Defects formed in 
ZnO were identified as O vacancies, and were observed both after milling under vacuum 
and m synthetic air. A carbonate is formed when ZnO is milled in C 0 2 

o o s ^ o l T i f " " ' T ° f C U a n d Z n h y d r ° X i d e S a n d ^ r o x y - c a r b o n a t e s results in decom
position of the complex anions when carried out under vacuum. Destruction of the crys-

he foerm r "f t 0 d ? C ° m p 0 s i t l 0 n & s t l e a d « to amorphisation and subsequently to 

b e c o Z TT™Î C r y S t a U l t C S ° f ^ C O T r e s P o n d l n S oxide. Mechanical activa ion 
becomes apparent from a decrease of the enthalpy effect during subsequent decomposition 
of the nulled materials. This is most pronounced for milled Zn-hydroxy-carbonate which 
decomposes with difficulty during milling but in which restructuring can be percdved 
only above a sharp onset temperature, accompanied by a sudden change in specific heat 
By milling hydroxides in C 0 2 , carbonates are formed that are differently bonded than 
fetsr a t 6 S a n d e n e r g e t l C a l l y m o r e s t a b l e than the hydroxides, as evidenced by i b A and UbO measurements. 

Mechanical milling of ZnO results in a slightly higher surface area, probably due 

to surface roughening. BET surface areas after decomposition of the hydroxides and 

hydroxy-carbonates are smaller for milled Cu-contaimng samples and larger for miUed 

in Z £ m
c;r

PanSZ t 0 t h ; U n m i l l e d m a t e " ^ which can be explained by changes 

Z n e d bv the K J r e d U C t l 0 n a l e h l g h e r for a11 m 0 1 e d S a m P l e s ' a n d c - be ex
plained by the gram boundaries m the nanocrystalline structure that prevent sintering 
during reduction. Higher values are found for bivalent oxides, notably for carbonates and 
hydroxy-carbonates. Hydroxides exhibit very low Cu° areas, whereas for hydroxide w"h 
additional carbonates Cu° areas are slightly increased only in case no decompos t on Ï 
carried out prior to reduction. The comparatively high reduction temperature of Cu hy-
d ox des further increases after milling. This may explain the strong sintering behaviour 
due to enhanced mobility of the gram boundaries and relatively fast reduction kinetic 

suiting m sudden evolution of reaction water. An alternative fit was proposed for he 
sub-surface contribution of samples with small Cu° areas. 
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