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The Cu/ZnO system is a model for Cu/Zn0O/Al,O3 catalysts,
which are employed industrially for the synthesis of meth-
anol. These catalysts are usually prepared from mixed basic
carbonate precursors. A complex phase mixture, with con-
stituents structurally related to the minerals rosasite and
aurichalcite, is present at the industrially applied composi-
tion (Cu/Zn = 70:30). Using minerals and phase-pure syn-
thetic samples as references, a comprehensive characterisa-
tion of such a phase mixture, including the determination of
the individual compositions of the different phases, has been
attempted by complementary analytical laboratory tech-
niques (XRD, TGA, IR). The results are critically discussed in

light of the complexity of the system. A thermally very stable
carbonate species — well-known for mixed synthetic systems
— is also detected for the mineral reference samples. Signifi-
cant amounts of amorphous phases are found to be present
in the synthetic zincian malachite sample but not in synthetic
aurichalcite or the catalyst precursor. A simplified explana-
tion for the shift of the characteristic 201 reflection of the mal-
achite structure as a function of Zn incorporation based on
the varying average Jahn-Teller distortion of the MOg octa-
hedra is proposed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Copper-based catalysts are widely employed in methanol
synthesis and the water gas shift reaction. They are also
active in other reactions, such as steam reforming of meth-
anol. Industrially applied Cu/ZnO/Al,O5 catalysts exhibit
an Cu/Zn atomic ratio of approximately 70:30 and contain
5-10 at.-% Al,O3 as an additional phase. An effective and
industrially applied preparative route for these catalysts is
via a multi-step synthesis involving co-precipitation of
mixed Cu/Zn hydroxycarbonate precursors, calcination to
give a mixture of oxides and reduction of the CuO compo-
nent. A vast number of studies on this system, performed
by many different research groups, have shown that the syn-
thetic parameters during the very early stages of the prepa-
ration process crucially affect the physicochemical proper-
ties of the precursor material’'?! and, in turn, the catalytic
activity of the final catalyst. This phenomenon is termed
the “chemical memory” of the system. A comprehensive
knowledge of the properties of the co-precipitated precur-
sor material is therefore highly desirable for further optimi-
sation of the catalyst.

A mixed solution of Cu/Zn nitrate and sodium carbonate
is often used as a precipitating agent for the successful co-
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precipitation of Cu/Zn hydroxycarbonate precursors. The
precipitation parameters, especially composition, tempera-
ture, concentration, mode of precipitation (e.g. constant,
decreasing or increasing pH) or time of aging in the mother
liquor, are well known to have a significant impact on the
product’s properties and their optimal setting is usually de-
termined on the basis of trial-and-error processes. More ra-
tional approaches are hindered by difficulties in completely
characterising the precursor material. These difficulties
arise from the fact that: i) the material is seldom phase-
pure; ii) it is usually only poorly crystalline, thereby limiting
the information available from diffraction techniques;
iii) the similar X-ray scattering power of Cu and Zn does
not allow their discrimination by means of conventional X-
ray diffraction (XRD); iv) the phases present usually exhibit
a broad range of possible Cu/Zn ratios, thus making an
unambiguous determination of their individual composi-
tions very difficult; v) the ratio of the CO;>~ and OH-
anions, as well as the amount of structure water, may vary;
and vi) the material is usually sensitive to decomposition
under irradiation of an electron beam, thereby complicating
the characterisation by high resolution TEM. It is therefore
clear that these problems can only be tackled by applying
several complementary characterisation techniques, and
comprehensive results have already been reported, for ex-
ample, for a 2:1 Cu/Zn system.”) The situation is usually
simplified by regarding the precursor mixture as being com-
posed of various fractions of well-defined mineral reference
materials and considering its properties as a superimpo-
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sition of their characteristics. The goal of this study is: 1) to
provide information on the properties of single-phase pre-
cipitates and mineral reference compounds acquirable by
standard laboratory techniques, (ii) to identify the advan-
tages and shortcomings of the “mineral approach” by com-
parison with the real precursor mixture, and (iii) to try to
use this information to fully characterise the latter and criti-
cally discuss the results. In this contribution, we restrict
ourselves to binary Cu/ZnO samples which serve as a suit-
able model for the technical ternary Cu/ZnO/Al,O5 system.

The crystalline components of the precursor material are
usually identified by XRD as being structurally related to
the mineral phases (zincian) malachite, rosasite and auric-
halcite. Herein, we report the structural and thermal char-
acteristics and IR spectra of these mineral reference com-
pounds and compare the results with precipitated single-
phase samples and a phase mixture with a 70:30 Cu/Zn ra-
tio representative of the typical technical system. The spec-
troscopic properties of these samples in the UV/Vis/NIR
range will be presented in a forthcoming paper.

Results and Discussion
Minerals and Synthetic Single-Phase Samples

Crystal Structures and Compositions

The crystal structures of the minerals malachite, rosasite
and aurichalcite have been reported in the literature.['3-17]
The most important structural features are briefly discussed
here. Malachite [Cu,(CO3)(OH),] crystallises in the mono-
clinic space group P2,/a (a = 9.502, b = 11.974, ¢ = 3.240 A;
B =98.75% V = 364.35 A3).13:141 The two crystallographi-
cally independent metal positions Cul and Cu2 are coordi-
nated by six oxygen atoms in a Jahn-Teller distorted octa-
hedral [4+2] environment. The Cul octahedra exhibit a
more pronounced distortion, with axial Cu-O distances of
2.51 and 2.64 A, whereas the axial Cu2-O spacing amounts
to 2.37 A. All equatorial Cu—O distances are within the
range 1.90-2.11 A. The Cul and Cu2 octahedra are con-
nected via common edges to form double chains running
parallel to the c-axis. Adjacent double chains share com-
mon corners to form wavy layers in the (101) planes. These
layers are connected in the b-direction via carbonate groups
(Figure 1, a).

Rosasite [(Cu,Zn),(CO3)(OH),] crystallizes in the mono-
clinic space group P2,/a (a = 12.873, b = 9.354, ¢ = 3.156 A;
B = 110.36° V = 356.3 A3 for a sample with Cu/Zn =
1.44:1)I31 and its structure is closely related to that of mala-
chite, as suggested by the similar XRD patterns of the two
samples. Due to the usually small and fibrous crystallites,
no refinement of a single crystal structure has been reported
so far, but recent powder diffraction work!!l suggests that
the connectivity of the octahedra is similar to that in mala-
chite, although a clear Jahn-Teller distortion is absent for
the M20Og units and is weaker for the M10g units (axial
M-0: 2.44 and 2.52 A; equatorial M—O: 1.90-2.08 A) than
for CulOyg in malachite. The Cu content of naturally occur-
1348
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Figure 1. a) Crystal structure of malachite viewed along [001]; b)
crystal structure of aurichalcite viewed along [001].

ring rosasite ([Cul/[Cu+Zn]) is normally 33-50%.!'81 The
Zn content of our mineral rosasite sample was determined
by SEM-EDX and amounts to 38% of total metal. Syn-
thetic [(Cu,Zn),(CO5)(OH),] samples can be prepared with
Zn contents as low as 0%.[4 8121 Such low-Zn materials
are often denoted zincian malachite. According to
Perchiazzi,['! the crystallographic difference between (zinc-
ian) malachite and rosasite is related to the different orien-
tation of the space group symmetry operators, which leads
to two distinct structures. However, an unambiguous dis-
crimination on the basis of the powder XRD patterns of
poorly crystalline precipitated samples is difficult due to the
high similarity of the crystal structures. In the field of catal-
ysis research, the differences in the long-range order of mal-
achite and rosasite are therefore often neglected and the
terms zincian malachite and rosasite are used synony-
mously. Malachite and rosasite are regarded as boundary
cases in a pseudo-isomorphous substitution series of Zn>*
into [(Cu;_,Zn,),(CO3)(OH),], although the exact value of
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x often remains undetermined. Using the decreasing pH co-
precipitation method, we have been able obtain crystallo-
graphic phase-pure samples with nominal Zn contents close
to 10%; a higher Zn content in the solution leads to the
formation of aurichalcite [(Cu,Zn)s(OH)s(CO3),] as a by-
phase.l'?!

Aurichalcite is structurally related to the pure Zn mineral
hydrozincite [Zns(OH)(CO3),] and crystallizes in the mo-
noclinic space group P2i/m (a = 13.82, b = 6.419, ¢ =
529 A; = 101.04° ¥ = 460.59 A%).['I This single-crystal
structure was determined for a sample containing 40% Cu.
The unit cell contains four crystallographically independent
metal sites (M1-M4). M1 and M2 are octahedrally coordi-
nated by six oxygen atoms. The M20Og unit is Jahn—Teller
distorted and exhibits equatorial M—O distances of around
2 A, whereas the axial ones measure 2.31 and 2.38 A. The
M10Og octahedron exhibits three different M—O spacings of
between 1.94 and 2.24 A but no significant elongation of
any single axis. M3 is tetrahedrally coordinated by four oxy-
gen atoms and M4 is located in a fivefold distorted trigonal-
bipyramidal environment. The octahedra are connected by
common edges to form layers parallel to the (011) planes.
One out of every four octahedra is missing and M3- and
M4-centred units are found at this position on either side
of the layer. The M30, tetrahedra connect two adjacent
layers via carbonate to form double layers, which are con-
nected to each other solely by hydrogen bonding (Figure 1,
b). Natural aurichalcite contains 24-40% Cu.l'") The Cu
content of our mineral sample was determined by SEM-
EDX to be 32%. Synthetic aurichalcite was prepared with
a nominal Cu content of 33%.

Vibrational Spectroscopy

IR spectroscopy is sensitive to molecular structure and is
capable of probing both the amorphous and crystalline
parts of the samples, which means that it is complementary
to XRD. The FTIR spectra of the samples were recorded
at room temperature and Figure 2 shows a comparison of
the hydroxide, carbonate and fundamental mode finger-
print regions of the IR spectra for all five samples.

Stretching bands for O-H are observed in the range
4500-2500 cm™! (Figure 2, a). The spectrum of malachite
shows a typical splitting into two modes at 3318 and
3407 cm™!, which is attributed to the two crystallographi-
cally different OH groups.?”! The O-H bands for rosasite
are less intense and the splitting is strongly enhanced to
251 cm™'. A correlation between the splitting of these O-H
stretching bands and the degree of Zn incorporation in the
malachite structure has been reported in the literature.[>!1
The spectrum of mineral aurichalcite exhibits a single broad
band centred at around 3325 cm !, whereas an additional
sharper absorption band is observed at 3387 cm™! in the
spectrum of the synthetic aurichalcite sample, thus indicat-
ing the presence of an OH-containing species not present
in the mineral.

The v3 (asymmetric C-O stretching) mode of the carbon-
ate anions appear in the region 1700-1100 cm™! (Figure 2,
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Figure 2. IR spectra of minerals malachite (black), rosasite (dark
grey) and aurichalcite (light grey) and the synthetic samples zincian
malachite (dashed) and aurichalcite (dotted) in the ranges: a) 3700—
3100 cm™!, b) 1700-1100 cm ™!, and c¢) 1100400 cm'. The spectra
are offset by an arbitrary amount for clarity.

b). Four bands are observed for malachitel*? at 1520
(shoulder), 1494, 1423 and 1388 cm™' due to correlation
field splitting. For the synthetic zincian malachite sample,
the first two bands are not resolved and a single broader
band appears at 1513 cm™'. The other two bands are
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slightly shifted to higher wavenumber. The spectrum of
mineral rosasite is very similar, but the broad band at high
wavenumber is shifted by 15cm ™! to higher wavenumber
and the doublet at lower wavenumber by 10 cm™! to lower
wavenumber. On the basis of our samples, no clear corre-
lation between the spectral features in this region and the
Zn content of the samples crystallizing in the malachite/
rosasite structure can be established.

In agreement with the literature data,’?*! four bands of
almost equal intensity are observed for mineral aurichalcite
at 1556, 1506, 1411 and 1363 cm™!. These bands are found
at slightly higher wavenumbers in the spectrum of the syn-
thetic aurichalcite sample, although the intensity pattern
differs between the mineral and synthetic samples. Thus, the
two inner bands in the spectrum of the latter are signifi-
cantly more intense than the two outer ones. Additionally,
shoulders to the higher and lower wavenumber sides of the
band centred at 1512 cm™! appear for the synthetic samples.
Such a fine structure is not observed for the mineral. The
carbonate v; bands originating from the malachite/rosasite
and aurichalcite structure overlap significantly, therefore
characterisation of a phase mixture on the basis of this
spectral region will be complicated. The band at 1208 cm™!,
however, is a clear fingerprint feature of the aurichalcite
structure as it is present in mineral and synthetic aurichalc-
ite but not for the malachite/rosasite samples. It has been
pointed out previously in the literature that this band,
which has been assigned to an M-OH deformation vi-
bration,” can be used to identify aurichalcite in a phase
mixture.[

OH deformation vibrations and further carbonate bands
can be found in the range 1200-600 cm™' (Figure 2¢). The
vibrations of the M-O skeleton are observed below
600 cm .2 The spectrum of the mineral malachite exhibits
three strong OH libration bands at 1097, 1048 and
876 cm™!. According to Schmidt at al.,”” the symmetric C—
O stretching vibration of carbonate (v;), which is IR active
due to the lowered symmetry for coordinated carbonate, is
expected at 1085 cm™! but masked by the strong OH defor-
mation bands. The carbonate modes v, and v, (out-of-plane
and asymmetric O—C-O bending, respectively) are observed
as a sharp band at 817cm™! and a triplet at around
750 cm ™!, respectively. The only slight difference between
mineral malachite and synthetic zincian malachite is a weak
shift of the first two OH deformation bands to higher wave-
number. For the mineral rosasite, it is the third OH defor-
mation band which is shifted by 24 cm™! to lower wave-
number. The carbonate bands are similar for the mineral
malachite sample and the synthetic zincian malachite. For
rosasite, v, is shifted by 10 cm™! and v, by 12 cm™! in oppo-
site directions. A rosasite band is observed at 666 cm™!, a
position where no other sample shows any special feature.
This relatively broad band can thus serve as a fingerprint
for rosasite. The spectra of mineral and synthetic aurichal-
cite are similar in this region. In contrast to malachite, an
OH deformation band is observed at 976 cm ! for the min-
eral sample (970 cm™! for the synthetic sample) and can be
regarded as another suitable fingerprint band for the pres-
1350
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ence of aurichalcite in a phase mixture.! The carbonate
bands v, and v, are located at 838 and 734 cm™!, respec-
tively, for the mineral sample, with the latter being shifted
by 5cm™! to higher wavenumber for synthetic aurichalcite.
The skeletal M-O vibrations at wavenumbers below
600 cm ™! are in good agreement for both minerals and syn-
thetic samples, but clearly different for malachite and auric-
halcite. The rosasite spectrum is unique in this range, thus
indicating the pronounced sensitivity of M—O bands to the
Cu/Zn ratio.

The IR spectra of synthetic and mineral samples show a
reasonable degree of agreement, thereby confirming a sim-
ilar local structure in precipitated and mineral materials.
The differences between the three Cu-rich malachite-like
samples, such as the band shifts, can be explained on the
basis of their different Cu/Zn ratios. The differences be-
tween the spectrum of synthetic aurichalcite and that of the
mineral sample are more pronounced, however, despite
their similar nominal composition. Additional bands or
shoulders are observed in the hydroxyl and carbonate fin-
gerprint regions and strong deviations of the intensity
pattern are detected. Although many bands of the different
hydroxycarbonate structures overlap, IR spectroscopy pro-
vides a fingerprint method for discriminating malachite/
rosasite and aurichalcite by means of the bands near 1200
and 970 cm™!, which are unique to aurichalcite. Further-
more, mineral rosasite can be identified on the basis of the
band at 666 cm™!.

Thermal Properties

The thermal decomposition of the hydroxycarbonates
was investigated by thermogravimetry (TG) and mass spec-
trometric (MS) evolved gas analysis. The TG-MS curves of
mineral malachite are shown in part a of Figure 3. Mala-
chite decomposes completely in a single step with the maxi-
mal rate of weight loss at around 350 °C. As expected, a
simultaneous emission of water and carbon dioxide was de-
tected, thus indicating decomposition of hydroxyl and car-
bonate species. The weight loss of 27.3% is slightly lower
than the calculated value of 28.1% for complete transfor-
mation into CuO.

The decomposition curves of mineral rosasite are shown
in Figure 3 (b). Here, the overall mass loss of 27.7% is in
good agreement with the calculated value for complete de-
hydroxylation and decarbonation (27.9%). Interestingly, the
decomposition proceeds in two consecutive steps, with the
sample losing around 22% of its weight due to a simulta-
neous emission of water and carbon dioxide at around
400 °C. Whereas all hydroxy groups are decomposed after
this step, some carbonate species not present in pure mala-
chite resist thermal treatment at 400 °C and are emitted in
a second decomposition step at a temperature of approxi-
mately 480 °C.

The decomposition of the mineral aurichalcite sample is
qualitatively very similar to that of rosasite (Figure 3, c).
Thus, whereas the overall mass loss of 26.0% is close to the

Eur. J. Inorg. Chem. 2009, 1347-1357



Minerals as Model Compounds for Cu/ZnO Catalyst Precursors

] 100
395
390

180

% / ybrem sdwes

175

Norm. ion current (MS) - m/z = 18,

T T T T T T T T T T 1 70
50 100 150 200 250 300 350 400 450 500 550 600
Temperature / °C

1100
© 195
1}
N ]
S 0
' ] o)
@ 1 3
s 85 o
E 1 3
o ] o}
g 80 =
o ] v
s 1
- 75
£
[s}
- 4

70

I T T T
50 100 150 200 250 300 350 400 450 500 550 600
Temperature / °C

Norm. ion current (MS) - m/z =18,

Eur|IC

European Journal
of Inorganic Chemistry

100
§ 95
1 ]
N 4
g 0 &
) 1 3
~ 1 T
@) o
=3 85 =
- .
5 80 <
(] o
s X
o
: 75
£
o
Z 4
T T T T T T T T T T 70
50 100 150 200 250 300 350 400 450 500 550 600
Temperature / °C
100
o 95
1
N
B 0 P
] 3
2 s
=3 8 =
= @
g S
E 80 —
2 =
2
£ 75
S
z
70

T
50 100 150 200 250 300 350 400 450 500 550 600
Temperature / °C

] 100

% / WyBrem sjdweg

175

-

70

T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 600

Temperature / °C

Figure 3. TG curves (black) and MS traces for H,O (dark grey) and CO, (light grey) for: a) mineral malachite, b) mineral rosasite, c)
mineral aurichalcite, d) synthetic zincian malachite, and e) synthetic aurichalcite.

theoretical value of 26.3%, a first simultaneous dehydroxyl-
ation and decarbonation step at around 370 °C is followed
by a further decarbonation at 480 °C.

This so-called “high-temperature carbonate” is com-
monly observed in synthetic Cu/ZnO catalyst precursors
prepared by co-precipitation.[®!?! Its abundance has been
found to be a function of the Cu/Zn ratio and its positive
effects on the catalytic properties of the resulting catalysts
have been discussed.*®! To the best of our knowledge, these
resistant carbonate species have not been reported for
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(Cu,Zn) minerals before. Their presence in our mineral
samples suggests that these species are not necessarily
formed during the precipitation process but might rather be
an intrinsic property of mixed (Cu,Zn) hydroxycarbonates,
particularly if they are well crystalline. The fraction of car-
bonate being decomposed at high temperature can be esti-
mated to be 30% for rosasite and 35% for aurichalcite from
the ratio of the areas under the two MS peaks at m/z 44.
It should be noted, however, that the presence of different
carbonate species is not evident from the rosasite crystal
1351
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structure, which, as is the case for malachite, exhibits only
one crystallographically unique type of carbonate. Further-
more, it seems unlikely that the subtle crystallographic dif-
ferences between rosasite and malachite are responsible for
the severe discrepancies in their thermal properties. In au-
richalcite, however, there are indeed two types of crystallo-
graphically distinct carbonate species, although their ratio
is 50:50 and not near to 65:35. Hence, the crystal structures
of the precursors do not provide a simple explanation for
the presence of high-temperature carbonate. As it is only
observed in mixed Cu/Zn systems, we rather suggest that
high-temperature carbonate is trapped at the ZnO-CuO in-
terfaces. In this model, the abundance and stability of high-
temperature carbonate would be determined by the amount
of interfaces and grain boundaries formed during the first
decomposition step, which might explain the influence of
composition and particle morphology on the decarbonation
of mixed precursors. It should be noted that high-tempera-
ture carbonate was not reported for the pure Zn material
hydrozincite [Zns(OH)g(CO3),].4 12!

The thermal properties of the synthetic samples are
shown in parts d and e of Figure 3. The zincian malachite
decomposes in the temperature range 100-450 °C with a
total mass loss of 28.3% (theoretical: 28.2%). The reaction
consists of several poorly resolved simultaneous dehydrox-
ylation and decarbonation steps at 180, 260 and 355 °C.
The latter is the main decomposition event and can be com-
pared to the single decomposition step observed for the
mineral malachite sample, while the events at lower tem-
peratures were not observed for the mineral sample. Dehy-
droxylation seems to be complete at 390 °C, whereas an-
other decarbonation step at 405 °C indicates the presence
of around 17% of a high-temperature carbonate species in
this sample. This species decomposes at a considerably
lower temperature than the Zn-richer samples. Synthetic
aurichalcite is thermally less stable than the mineral mate-
rial, with the main events happening at around 300 °C
(simultaneous dehydroxylation and decarbonation) and
440 °C (decomposition of high-temperature carbonate).
The fraction of high-temperature carbonate is higher and
amounts to 52% of all carbonate species. Furthermore, an
additional weak decarbonation step not found for the min-
eral is observed near 240 °C. The total mass loss of 26.9%
is slightly higher than the calculated value of 26.3%.

In general, thermal treatment of single-phase (Cu,Zn)
hydroxycarbonates results in a main decomposition step at
300400 °C with simultaneous water and carbon dioxide
emission. Another decarbonation step is observed at higher
temperatures (>400 °C) for all samples containing Zn,
whereas pure malachite also does not contain the high-tem-
perature carbonate species. Since the thermal stability of
solids can generally be influenced by crystallinity and par-
ticle size and shape, it is not surprising that some differ-
ences, such as shifts in the decomposition temperatures, are
observed between mineral and synthetic samples. The rough
agreement between experimental and calculated mass loss
for all samples confirms the notional anionic composition.
However, some features, such as the nature and varying
1352
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fractions of high-temperature carbonate and the diversity
of decomposition steps at low temperature, observed for the
synthetic samples remain to be explained.

X-ray Diffraction

The experimental powder diffraction pattern of our mal-
achite mineral sample is in excellent agreement with litera-
ture data based on the crystal structure described above
(Figure 4, a). The XRD pattern of rosasite also agrees well
with that calculated from the crystallographic data given by
Perchiazzil'® (Figure 4, b). In the case of mineral aurichal-
cite, the peak positions in the experimental powder XRD
pattern are in good agreement with the literature pattern
(Figure 4, ¢), although significant deviations are observed
for the intensity ratios of some reflections, with a higher
than expected intensity being observed, for example, for
020, 121, 221 and 040. [010] has been reported to be an axis
of prominent crystal growth for aurichalcite.[*”)

As expected, the precipitated samples are less crystalline,
as indicated by the broad reflections and high background
of the XRD patterns. However, a qualitative agreement be-
tween the XRD pattern of the minerals and the precipitated
samples can be observed (Figure 4, a and ¢). Only one crys-
talline phase is present in each synthetic sample, namely
aurichalcite for Cu/Zn = 1:2 and zincian malachite for Cu/
Zn = 9:1. While the peak heights in the synthetic aurichalc-
ite pattern are in agreement with those in the literature
pattern, a pronounced anisotropic peak broadening is ob-
served for the synthetic sample, with the reflections indexed
at 020, 220 and 040, for example, appearing much sharper
than the other peaks. To estimate the amount of amorphous
material possibly present in the precipitated samples XRD
patterns of an exact 50 wt.-% mixture of the samples and
NaCl standard were recorded and subjected to two-phase
Rietveld refinements (spiking method). Due to the much
stronger peak intensities of the well crystallised NaCl stan-
dard, the sample peaks are not very well defined in the
spiked mixture. Thus, the peak shape and lattice parameters
of the sample compounds were first refined on the pattern
of the pure sample (selected data are given in Table 1) and
consecutively kept fixed to the obtained values during re-
finement of the data for the spiked samples. The amount of
NaCl in the spiked samples was determined to be 55% and
50% of crystalline material, which corresponds to amorph-
ous fractions of approximately 19% and 0% for the original
samples of synthetic zincian malachite and aurichalcite,
respectively. In the case of zincian malachite, the presence
for amorphous phases may explain some of the deviations
of the thermal properties between mineral reference and
synthetic sample. However, the synthetic aurichalcite sam-
ple does not contain a significant amount of amorphous
material.

The synthetic sample with a Cu/Zn ratio of 9:1 was iden-
tified as zincian malachite rather than rosasite as the com-
position is closer to malachite considering the minimal Zn
content of 33% for natural rosasite, and the peak positions

Eur. J. Inorg. Chem. 2009, 1347-1357
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Figure 4. XRD patterns of: a) mineral malachite (bottom), syn-
thetic zincian malachite (top) and calculated pattern (grey bar
graph), b) mineral rosasite and calculated pattern (grey bar graph),
¢) mineral (bottom) and synthetic (top) aurichalcite and calculated
pattern (grey bar graph).

of the precipitated zincian malachite sample are in signifi-
cantly better agreement with the theoretical XRD pattern
of malachite than with the pattern of rosasite, especially in
the angular range 30-40° 26. Nevertheless, a considerable
shift is observed for the 201 and the 211 peaks at 31.5° and
32.5° 20 (the latter being present as a shoulder at the higher
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Table 1. Selected results of the Rietveld fits of synthetic zincian
malachite, aurichalcite and the catalyst precursor mixture. Struc-
tural models were taken from single-crystal data, and all atomic
coordinates were refined.

Zincian malachite Aurichalcite  Catalyst precursor

CwZn =90:10  Cu/Zn =33:67 Cuw/Zn = 70:30

R,JR,'™! 7.06/21.20 8.44/19.44 7.54/17.41
R,JR,,™  9.16/21.83 10.76/21.02 9.48/19.27

il Rexy ™ 7.15/17.05 7.38/14.42 7.94/16.14
GOF/DW!  1.28/0.92 1.46/0.73 1.19/1.05
Aurichalcite
Rrage 3.878 3.809
wt.-Yold) 100 14.53)
aA] 13.792(3) 13.751(5)
bA] 6.4238(7) 6.4309(19)
¢ [A] 5.2851(10) 5.275(2)
B 100.64(3) 99.56(3)
Malachite
Rirge 3.537 2.967
w0/ 100 85.5(3)
aA] 9.5018(17) 9.3957(13)
bA] 11.999(2) 12.0622(18)
¢ [A] 3.2291(5) 3.1877(4)
B 98.548(10) 96.450(8)

[a] Fit accounting for anisotropic (i.e. ikl-dependent) peak broad-
ening. [b] Primed R values are background-corrected; definition
of the R values according to Young.*’! [c] DW = Durbin-Watson
parameter.?% [d] wt.-% from Rietveld fit. See text for estimation of
amorphous fraction from spiked pattern.

angle side of the former) compared to the calculated mala-
chite pattern, while all other peaks are in good agreement
(Figure 4, see inset a). The shift of these two reflections
towards higher angles is indicative of a decrease of the cor-
responding d-spacing and is correlated to Zn?* incorpora-
tion into the malachite structure, as has been reported ear-
lier for the 201 peak.[>:12]

Figure 5 shows that the Jahn-Teller-elongated axes of
four out of the eight CuOg octahedra in the malachite unit
cell are orientated nearly perpendicular to the (201) lattice
planes (drawn in light grey in Figure 5), whereas the other
four octahedra (two M1- and two M2-centered units each)
are aligned with their elongated axis almost perpendicular
to (211) (drawn in dark grey in Figure 5). This characteristic
of the (201) planes lying nearly parallel to the equatorial
Cu-O planes of the CuOg¢ octahedral units in malachite has
been reported previously and was related to crystal mor-
phology and cleavage properties.!3?¥] The orientation of
the elongated axes (determined as straight lines between the
axial O-atom positions) among the four octahedra within
each of the groups differs only by 0° and 8.0° and the geo-
metric deviations from the plane normals are 11.5° and
18.7° for (201) and 7.6° for (211). Thus, in a simplified pic-
ture, the d-spacing of (201) and (211) can be regarded as
being correlated to the average Jahn-Teller-elongated Cu—
O distances in the malachite structure. Zn>*, which is a d'°
ion, has different coordination requirements to Cu?* (d°)
and is not a Jahn-Teller ion. Hence, the contraction of the
lattice spacing in the directions perpendicular to (201) and
(211) can be explained by an average contraction of the
elongated axial M-O distances as a result of the net re-
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duction of Jahn-Teller distortion of the metal oxygen octa-
hedra as Cu?* ions are substituted by Zn>*. The shift of
these two reflections is therefore a direct measure of the
degree of incorporation of divalent non-Jahn-Teller ions —
Zn”* in our case — into the malachite structure. Due to the
similar ionic radii of Cu®>* and Zn>" and the limited flexibil-
ity of the crystal structure in the dense equatorial directions,
the shift of all other reflections observed in the 260 range 5-
80° is much weaker. An overall shrinking of the unit cell
volume with Zn2* incorporation into the malachite lattice
has been observed previously by Porta et al.’l and the crys-
tal field effect suggested here might serve as an explanation.

Figure 5. Unit cell of malachite with a set of (201) (grey) and (211)
planes (black), viewed down (501), i.e. perpendicular to the plane
normals. Only the axially elongated Cu—O bonds of the CuOg octa-
hedra are drawn.

This simple correlation of Zn incorporation into mala-
chite and the characteristic d-spacing of the 201 peak has
already been discussed previously,!'?! but without structural

interpretation. A plot of d,o7 vs. nominal copper content (as
[Cu)/[Cu+Zn] X 100%) for our samples is shown in Figure 6
together with some data taken from a paper by Bems et
al.l?! for samples prepared by constant and decreasing pH
co-precipitation. It can be seen that the range of existence
of phase-pure zincian malachite ranges from 89% to 100%
for samples prepared by deceasing pH precipitation,
whereas for constant pH precipitation it ranges from 72%
to 100%. This confirms that constant pH co-precipitation
is the superior preparation method if a high degree of sub-
stitution is desired, for example for preparation of Cu/ZnO
catalysts of high dispersion. For lower nominal Cu con-
tents, d,of is constant, thus indicating that no more Zn is
incorporated into the malachite structure. At this point, au-
richalcite starts to form as a Cu-poorer by-phase. It is inter-
esting to note that the critical composition of 28 at.-% Zn
falls below, but is still relatively close to, the lower composi-
tional limit of natural rosasite of 33 at.-%, which cannot
be reached by co-precipitation. The benefit of the technical
catalyst composition of around 70:30 for Cu/Zn in combi-
nation with the constant pH technique is evident from Fig-
ure 6: maximal incorporation of Zn into the zincian mala-
chite precursor phase is guaranteed by going below the crit-
ical composition near 72%, but large quantities of auric-
halcite are avoided by closely approaching this composi-
tion. In this way, a high dispersion of copper in the final
catalyst is achieved due to the uniform distribution of Cu
and Zn in a Cu-rich precursor phase, while the contribution
of Cu-poorer aurichalcite to the catalyst’s weight is limited.

It can be seen from Figure 6 that at the same composi-
tion dhof is generally larger for samples prepared at decreas-
ing pH than for those prepared at constant pH, thereby
indicating that the mode of preparation also affects the
structure of the precipitate, for example due to formation
of amorphous phases. Furthermore, it should also be noted

89% Single phase zincian
malachite for decreasing
pH precipitation

2.90 4 i
1 Zincian malachite (89% Cu) + aurichalcite
2.88 :
2.86 o )
| Synthetic zincian malachite ;
2.84 - T~
. o iy :
<C 2.82
Iy
< l Malachite mineral
S 280
k<1 Zincian malachite in
2.78 4 precursor mixture
2.76
1 Zincian malachite Single phase zincian malachite
2.74 (72% Cu) for constant pH precipitation
+ aurichalcite 750,
()
2.72 1 & 1 & 1 & J = U & T & I = I
55 60 65 70 75 80 8 9 95 100

Nominal Cu content / %

Figure 6. Plot of the d-spacing of the (201) planes vs. nominal Cu content {as [Cu]/([Cu]+[Zn])} for the samples in this study (open
symbols) and data for samples prepared by constant (black) and decreasing pH (grey) precipitation taken from Bems et al.l'? (the data
point at 90% Cu, decreasing pH, has been re-evaluated taking into account the neighbouring 211 reflection).
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that the pH!'®!'!"l and the duration of the ageing period!
have been shown to influence the phase composition and
the Zn distribution in the precipitate.

The crystal structure of rosasite is different from the mal-
achite structure. However, both phases are hard to discrimi-
nate by powder XRD, especially in the low-angle range
which typically serves as a “fingerprint region” for phase
identification in poorly crystalline catalyst precursor mix-
tures (Figure 7). Nevertheless, a reliable distinction is pos-
sible in the angular range 30-40° 20, where the rosasite
structure exhibits unique reflections indexed as 221 and
021. These reflections exhibit an extraordinary broadening
and an intensity ratio and relative positions similar to the
201 and 211 peaks in malachite, although they are observed
at much higher angles (34.5° and 35.9° 20, respectively).
Hence, the position of these two characteristic reflections
can serve as an indicator for the crystallographic phase (zinc-
ian malachite or rosasite)— for rosasite they are observed
beyond 34° 20, whereas for (zincian) malachite both peaks
can be found in the region below 34° 20. It is interesting to
note that careful inspection of the XRD pattern of the ros-
asite mineral sample reveals the presence of two reflections
at 31.9° and 32.8° 26 (arrows in Figure 7), which cannot be
explained by the rosasite crystal structure (see Figure 4, b).
These reflections might rather be due to the 201 and 211
peaks of zincian malachite, thereby suggesting the presence
of domains with the malachite structure in our rosasite
sample. From their position, the Cu content of these do-
mains can be estimated to be roughly 80% according to
Figure 6, which clearly exceeds the average Cu content of
this sample of 62%. It can be speculated that, similar to
the precipitation system, a limiting Zn concentration for the
malachite-like structure exists in the mineral, with the dif-
ference being that rosasite can be formed as a Cu-poorer
by-phase, whereas upon precipitation it is aurichalcite.

34°
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Figure 7. Comparison of the XRD patterns of mineral rosasite
(black) and synthetic zinican malachite (grey), showing that the
indexed reflections around 34° 20 are useful for phase discrimi-
nation, while the peak positions match well at lower angles.
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The Technical Precursor Mixture

The technical precursor mixture was prepared with a Cu/
Zn ratio of 70:30 at a constant pH of 6.5. The XRD pattern
is shown in Figure 8. A malachite-like and an aurichalcite-
like phase can be identified. The single and quite sharp 201
reflection observed at 32.4° 20 indicates the presence of a
single zincian malachite phase and a homogeneous Zn distri-
bution in this phase and that pure malachite is absent. From
its position well below 34° 20 and the lack of any other un-
identified peak near 34.5° 26, the presence of rosa-
site can be excluded. In addition, the broad IR band at
666 cm™! indicative of rosasite is absent. A quantitative phase
analysis by Rietveld refinement using 50 wt.-% NaCl as in-
ternal standard revealed a phase composition of 86 wt.-%
zincian malachite, 14 wt.-% aurichalcite and 0 wt.-% X-ray
amorphous material. Figure 8 shows the graphical results of
the refinement for the unspiked pattern. Further data are
given in Table 1. The IR spectroscopic results are in agree-
ment with the phase composition determined by XRD. The
IR spectrum of the precursor material is dominated by bands
characteristic for the malachite-like structure and confirms
the high content of this phase within the mixture (Figure 9).
The fingerprint bands of aurichalcite are weak, but clearly
present, at 1206 and 975 cm!. Additionally, two v,(CO5>)
bands can be resolved: that at 832 cm™! is assigned to auric-
halcite and the stronger one at 820 cm™' to zincian malachite.

The TG-MS curve of the precursor mixture is shown in
Figure 10. The total mass loss is 27.9%, which is exactly
the value expected for pure zincian malachite (assuming an
average composition of Cu/Zn = 70:30, compared to 26.2%
expected for pure aurichalcite). Again, the decomposition
can be divided into two regions: after emission of phy-
sisorbed water around 100 °C, simultaneous emission of
water and carbon dioxide is observed in the temperature
range 150-400 °C and successive emission of high-tempera-
ture carbonate at 450-500 °C. The first region consists of
at least four different poorly resolved decomposition steps,
thereby reflecting the high chemical diversity of the precur-
sor mixture compared to the minerals or physical mixtures
thereof. The fraction of high-temperature carbonate is ap-
proximately 50% of the total carbonate content.

The Zn content of the zincian malachite phase can be
estimated from the d-spacing of the 201 reflection to have
reached the maximum value of approximately 72 at.-%
(Figure 6). Taking into account the relatively high Zn con-
tent of 28 at.-% of all metal species in the zincian malachite
phase on the one hand, and the fraction of aurichalcite
phase of 14 wt.-% determined by XRD on the other, a total
metal composition of 70:30 is not even possible if the maxi-
mum Cu content of 40 at.-% for aurichalcite is assumed.
For instance, a possible composition of the precursor mix-
ture that satisfies the overall 70:30 ratio of Cu/Zn would be
95 wt.-%[(Cug.72Z1n9 28)2(CO3)(OH),] + 5 wt.-%[(Cug 4Zng 6)5-
(OH)4(CO35),]. The amount of aurichalcite present therefore
appears to be overestimated by XRD. In addition to the
general error that can be expected for the phase content of
the minor phase in a poorly crystalline mixture, this overes-
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Figure 8. Phase refinement of the XRD pattern of the catalyst precursor mixture (section).
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Figure 10. TG curve (black) and EGA traces for m/z 18 (dark grey)
and m/z 44 (light grey) for the catalyst precursor mixture.
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timation might be due the unusual intensity distribution ob-
served for some reflections in the case of synthetic auric-
halcite, which introduces further uncertainty in the quanti-
tative XRD refinement. Moreover, in light of the limited
number of reference samples and the fact that the presence
of amorphous phases was neglected when plotting Figure 6,
the error in the critical composition of the zincian malachite
phase must be estimated to be at least =5 at.-%. It should
be kept in mind that these drawbacks may change the pic-
ture regarding the phase composition in the mixture as well
as the metal composition of the single phases significantly.

Conclusions

The main conclusions of this study of mineral and syn-
thetic mixed basic CuZn carbonates are as follows. The
characteristic IR bands and XRD peaks render these meth-
ods suitable fingerprint methods for identification of (zinc-
ian) malachite, rosasite and aurichalcite. Furthermore, the
shift of the 201 and 211 reflections of the malachite struc-
ture as a function of Zn incorporation can be understood
on the basis of a simplified crystal field model involving a
decrease of the average Jahn—Teller distortion of the MOg
octahedra as Zn replaces Cu. The amorphous phases pres-
ent in the synthetic zincian malachite sample introduce
chemical diversity, which is reflected in the complex decom-
position behaviour in the temperature range below 400 °C.
The presence of so-called high-temperature carbonate
(emitted at 7" > 400 °C) is not unique to precipitated sam-
ples and is also observed for minerals, which means that it
cannot be related to amorphous by-phases. The malachite-
like (Cu,Zn) phase in the catalyst precursor does not reach
the substitution level of natural rosasite and should be
termed zincian malachite rather than rosasite.

Using the mineral model strategy, in other words con-
sidering the complex technical catalyst precursor to be a
physical mixture of mineral reference phases, successfully
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simplifies the description of the catalyst precursor. How-
ever, in light of the complexity of the system, which also
includes parameters not considered in this study, such as
the pH of precipitation or duration of the ageing period,
this provides only a very rough picture of the real situation.
Complementary information on the metal composition of
the single phases and on the chemical diversity introduced
by the preparation process is therefore desirable for a com-
prehensive understanding.

The careful use of complementary analytical techniques
such as IR spectroscopy, TGA and XRD provides valuable
insights into the complex chemistry of the technical precur-
sor mixture and means that an approximate estimation of
the phase composition and the metal composition of the
zincian malachite and aurichalcite phase is possible. It
should be noted, however, that the accuracy of this estima-
tion is governed by the limited number and general draw-
backs of the analytical methods applied and the limited
number of datasets for mineral and synthetic reference sam-
ples used in this study.

Experimental Section

General: Mineral samples were obtained from the mineral collection
of the Technical University of Berlin. Synthetic zincian malachite
was prepared by decreasing pH co-precipitation at 65 °C, as de-
scribed previously,'?! from 1 M Cu,Zn nitrate solution and 1.2 M so-
dium carbonate solution. A high Cu/Zn ratio of 9:1 was chosen in
order to avoid formation of aurichalcite as a by-phase. The precipi-
tate was aged in the mother liquor for 3 h, washed thoroughly with
bi-distilled water and dried at 60 °C overnight. Synthetic aurichalcite
was prepared accordingly, but with a Cu/Zn ratio of 1:2. No indica-
tions of the presence of other phases were found for these samples.
The technical precursor mixture was prepared according to an indus-
trially applied procedure by a constant pH co-precipitation at pH 6.5
from a 1 m Cu/Zn nitrate solution with a ratio of 70:30 using 1.2 m
sodium carbonate solution as precipitating agent. The precipitate
was aged for 3 h in the mother liquor, washed and spray-dried.
The X-ray diffraction (XRD) measurements were performed with
a STOE STADI P transmission diffractometer equipped with a pri-
mary focusing Ge monochromator (Cu-K,; radiation) and posi-
tion-sensitive detector. The samples were mounted in the form of
a clamped sandwich of small amounts of powder fixed with a small
amount of grease between two layers of thin polyacetate film. Re-
finements were done in the 26 range 5-90° using the software pack-
age TOPAS.PUT IR spectra were recorded with a FTIR Perkin-EIl-
mer model 2000 using the KBr disc technique. Thermal analyses
were performed with a NETZSCH STA449 thermobalance under
a controlled flow of 20% O, in Ar with approximately 20 mg of
sample at a heating rate of 2 °Cmin!. The gases evolved in the
thermal analyses were monitored with a quadrupole mass spec-
trometer (QMS200 Omnistar, Balzers) coupled to the thermal bal-
ance via a quartz capillary.
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