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The coprecipitated hydroxycarbonate precursor of the methanol synthesis and shift reaction
catalyst based on 30 at.% copper and 70 at.% zinc oxide, which was previously reported to be a
mixture of hydrozincite Zns(CO;)(OH)s and rosasite (Cu,Zn),(CO;)(OH), (R. G. Herman, K. Klier,
G. W. Simmons, B. P. Finn, J. B. Bulko, and T. P. Kobylinski, J. Catal. 56, 407, 1979) or a single-
phase hydrozincite (G. Petrini, F. Montino, A. Bossi, and G. Gaybassi, in ‘‘Studies in Surface
Science and Catalysis. Preparation of Catalysis 111’ (G. Poncelet, P. Grange, and P. A. Jacobs,
Eds.), Vol. 16, p . 735. Elsevier, The Netherlands, 1983), is herein shown to be a single-phase
aurichalcite (Cug3Zng7)s(CO;),(OH)s. The orthorhombic B22,2 aurichalcite is crystallograpically
distinct from the monoclinic C2/m hydrozincite, although these two compounds have the same
ratio of metal ions to carbonate and hydroxyl anions. Both aurichalcite and hydrozincite are
chemically and structurally distinct from the monoclinic P2,/a rosasite. The earlier erroneous
assignments are attributed to the structural similarity of the three hydroxycarbonates in question.
An energy-dispersive characteristic X-ray emission analysis of individual particles in the scanning
transmission electron microscope reveals a uniform distribution of copper and zinc at the analytical
concentration Cu/Zn = 30/70. Precursors with less than 30% copper consist of mixtures of auri-

chalcite and hydrozincite.

INTRODUCTION

The structure and composition of copre-
cipitated precursors of the binary copper—
zinc oxide methanol synthesis and shift cat-
alysts have been reexamined, and the
results presented herein correct some pre-
vious erroneous assignments. In an earlier
communication from this laboratory, Her-
man et al. (I) reported the precursors co-
precipitated from copper and zinc nitrate
solutions by sodium carbonate to be a mix-
ture of hydrozincite (H) Zns(CO;),(OH)s
and rosasite (R) (Cu,Zn),CO;(OH), for the
atomic ratio Cu/Zn = 30/70, and mixtures
of H, R, and copper hydroxide nitrate
(CuHN) Cuy(OH);NO; at all other Cu/Zn
ratios. On the other hand, Petrini et al. (2)
reported the precursor to be a single-phase
H when the Cu/Zn ratio was less than or
equal to 31/69, and a mixture of H and
CuHN for Cu/Zn ratios greater than 31/69.
All of these previous assignments were
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based on X-ray powder diffraction (XRD).
Aside from difficulties with the XRD analy-
sis of multiphase powdered specimens, this
technique alone sometimes gives ambigu-
ous results for structurally and chemically
related compounds. In the group of hy-
droxycarbonates of copper and zinc, for ex-
ample, the monoclinic H and orthorhombic
aurichalcite (A) have very similar XRD pat-
terns (3), and the difficulty in distinguishing
the H and A phases was recently noted by
Busetto et al. (4) in a study of coprecipi-
tated Cu/Zn/Al hydroxycarbonates. These
authors observed ‘‘quasi-amorphous”’
phases which were attributed to either H or
A in samples with low Al loading. An unam-
biguous identification of synthetically pre-
pared A has not been reported in the litera-
ture.

In the present work, the XRD analyses
were supplemented by an electron diffrac-
tion study, using selected area (SAD) and
convergent beam (CBD) diffraction in the
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transmission electron microscope (TEM)
and the energy-dispersive X-ray spectro-
scopic (EDS) analysis in the scanning trans-
mission electron microscope (STEM). The
results of the X-ray and electron diffraction
observations show that the catalyst precur-
sor contains a single-phase aurichalcite A of
the composition Cu,;sZn;s(CO3),(OH)s for
the Cu/Zn = 30/70 atomic ratio and A
mixed with H for Cu/Zn less than 30/70.
For Cu/Zn = 0/100 the precursor com-
pound is pure H. At higher Cu/Zn ratios
CuHN is present in the precursor as previ-
ously reported by Herman et al. (/) and Pe-
trini et al. (2) but R is not present in any of
the precursors in the whole compositional
range. Results and conclusions concerning
the precursor identifications are presented
in this paper.

EXPERIMENTAL

Sample preparation and analyses. Pre-
cursors with atomic ratios of Cu/Zn = 0/
100, 10/90, 20/80, and 30/70 were prepared
by coprecipitation from copper(ll) and
zinc(1I) nitrate solutions by sodium carbon-
ate addition in a manner described in detail
earlier (/). In addition, a Cu/Zn = 30/70
precursor was precipitated from a cop-
per(Il) and zinc(Il) acetate solution by so-
dium carbonate as follows: 22.60 g of (CH;
COO)2CU . H20 and 56.62 g of (CH3C00)2
Zn - 2H,0 (both Baker analyzed) were dis-
solved in 1500 ml distilled water, heated to
85°C, and 1.0 M Na,CO; was added drop-
wise over a 2-hr period, at which time a pH
of 7 was reached. After cooling with contin-
uous stirring for 1.5 hr, the precipitate was
washed by decantation 3 times, filtered,
washed 20 times with 10-20 ml portions of
water, and dried in air. Elemental analysis
of the Cu/Zn = 30/70 sample yielded 4.43
wt% C, 17.17 wt% Cu, and 41.27 wt% Zn.
These weight fractions correspond to the
atomic ratios Cu/Zn = 29.98/70.02, close to
the theoretical 30/70, and (Cu + Zn)/C =
5.000/2.046, close to the stoichiometric ra-
tio 5/2 for H and A but different from the
stoichiometric ratio 2/1 for R.
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A sample of the natural mineral A was
obtained from Wards Natural Science Es-
tablishment, and elemental analysis of the
sample revealed 4.44 wt% C, 23.94 wt%
Cu, and 33.64 wt% Zn. These weight per-
centages correspond to the atomic ratio (Cu
+ Zn)/C = 5.000/2.064, close to the stoi-
chiometric ratio 5/2 for A and H. The ele-
mental analyses reported above were per-
formed by Galbraith Laboratories, Inc.,
Knoxville, Tennessee.

X-Ray diffraction. The powder diffrac-
tion patterns were obtained with a Philips
automated X-ray powder diffractometer
consisting of an XRG 3100 X-ray generator
coupled with an APO 3600 control unit.
Scans were taken with a 20 step size of
0.01° and a counting time of 1.2 sec using
CukK, radiation. Structural data for H, A, R,
and CuHN were taken from the literature
(3, 5, 6)! and are summarized in Table 1.

Electron microscopy. A Philips 400T
electron microscope was used for particle
imaging, SAD, CBD in the TEM mode, and
EDS analyses in the STEM mode. A 120-
kV accelerating voltage was used in all
analyses. A spot size of 10 nm and counting
time of 100 sec were used in the STEM
analysis. The Cu/Zn ratios were deter-
mined quantitatively from integrated EDS
intensities using the thin-film approxi-
mately and the value of kcyz, = 0.956 as in
Ref. (7).

RESULTS

Cu/Zn = 30/70 precursor. The X-ray dif-
fraction patterns of the precursors precipi-
tated from the nitrate and acetate solutions
were identical, and an example from the ni-
trate preparation is given in Fig. la and Ta-
ble 2. The XRD pattern matches that of A
given by Jambor and Pouliot (3) but is dif-
ferent from H (3) or R (5). For example, the
intense lines at 26 = 34.1°, 41.9°, and 50.1°
are characteristic of A, and the absence of
R lines at 14.7° and 17.3° and of H lines at

! The latter reference in Ref. (5) gives crystal struc-
ture data for Cu,CO3(OH), which is isomorphous with
(Cu,Zn),CO;5(OH),.
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TABLE 1

Literature Data for Cu and Zn Hydroxycarbonate and Nitrate Compounds

Hydrozincite Aurichalcite Rosasite Copper hydroxide
nitrate

Formula Zns(CO,),(OH)¢ (Cu,Zn)5(CO;),(OH), (Cu,Zn),CO;(OH), Cu,(OH);NO;
Symbol H A R CuHN
Crystal system Monoclinic Orthorhombic Monoclinic Monoclinic
Space group C2/m B22;2 P2i/a P2,/m
Unit cell

dimensions (nm)

a, 1.358 2.72 0.94 0.5605

by 0.628 0.641 1.23 0.6087

Co 0.541 0.529 0.34 0.6929

B 95°35' ~90° 94°29’
Reference ) (€3} ) 6)

@ Substitution of Cu for Zn has been postulated to occur in hydrozincite (2, 3).

47.5° and 51.5°, all of which are intense in
their respective compounds, demonstrates
that the Cu/Zn = 30/70 precursor is pre-
dominantly a single-phase A.

XRD data of the Ward mineral A are
given in Table 2, and all the lines except the
weak reflection having d = 1.33 nm match
the reported values for A (3). The addi-
tional line corresponds to the A{200} reflec-
tions. This line could not be accounted for
by the H structure because it would corre-
spond to the H{100} reflections which are
forbidden in the C2/m monoclinic space
group (5). The unit cell volume of the natu-
ral mineral A was 1.6% smaller than that of
A in the synthetic sample and 1.9% smaller
than the value calculated from the data of
Jambor and Pouliot (3). The smaller lattice
dimensions of the mineral A can be ac-
counted for by its higher copper-to-zinc ra-
tio (Cu/Zn = 42/58), as compared to the
synthetic sample (Cu/Zn = 30/70) and the
literature (Cu/Zn = 29/71 (3)).

Further details of the structure and mor-
phology of the Cu/Zn precursors were
obtained from transmission electron mi-
croscopy including SAD, CBD, and
STEM-EDS analyses of single particles. A
single phase was observed in the synthetic

Cu/Zn = 30/70 sample which had a platelet
morphology (Fig. 2a). A similar platelet
morphology was found in the natural min-
eral A (Fig. 3a). Platelets in the A mineral
could be found with lateral dimensions

M b e
W
3/
AN 'I\/\«Vvv\f)\»\
IRV VOIS
4 /‘IW'\N\‘
5 17 29 41 53 85

DEGREES, 20

FiG. 1. X-Ray powder diffraction patterns of the
catalyst precursors having Cu/Zn atomic ratios of (a)
30/70, (b) 0/100, (c) 10/90, and (d) 20/80. Diffraction
lines useful for distinguishing rosasite (R), aurichalcite
(A), and hydrozincite (H) are shown as vertical lines
marked by the symbols of the respective structures.
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TABLE 2

d-Spacings and Intensities from X-Ray Powder Diffraction Patterns of Cu/Zn Catalyst Precursors¢

Cu/Zn = 30/70 Cu/Zn = 0/100 Cu/Zn = 10/90 Cu/Zn = 20/80 Cu/Zn = 42/58%
d(nm) %I, d(nm) %l d(nm) %l, d(nm) %l d(nm) %l
0.679 100 0.680 47 0.682 89 0.680 91 1.33 1
0.579 1 0.535 3 0.535 2 0.462 2 0.671 100
0.528 1 0.406 12 0.404 10 0.404 4 0.576 <1
0.467 2 0.370 18 0.371 32 0.370 54 0.505 <1
0.455 2 0.317 46 0.347 9 0.320 48 0.465 1
0.404 4 0.288 44 0.320 42 0.302 6 0.450 3
0.370 76 0.273 100 0.290 50 0.290 69 0.403 <1
0.340 4 0.269 63 0.274 100 0.274 100 0.377 1
0.326 11 0.258 30 0.268 57 0.267 59 0.369 13
0.320 56 0.250 44 0.253 61 0.262 43 0.338 4
0.314 2 0.232 11 0.234 17 0.250 59 0.325 2
0.302 8 0.216 8 0.213 15 0.244 10 0.320 1
0.290 67 0.210 8 0.205 S 0.234 30 0.312 3
0.282 6 0.205 6 0.192 13 0.215 27 0.299 2
0.274 90 0.192 17 0.171 17 0.205 3 0.290 3
0.263 66 0.178 10 0.160 39 0.195 19 0.281 3
0.250 41 0.170 19 0.156 57 0.193 21 0.275 2
0.242 15 0.167 19 0.147 10 0.183 23 0.272 3
0.234 24 0.159 31 0.175 25 0.271 2
0.228 18 0.155 59 0.170 20 0.262 7
0.224 12 0.148 16 0.160 49 0.246 2
0.216 33 0.155 41 0.242 4
0.210 13 0.145 3 0.233 2
0.209 6 0.228 1
0.198 18 0.226 2
0.195 23 0.224 2
0.189 S 0.210 1
0.185 8 0.208 1
0.182 21 0.198 1
0.181 10 0.195 2
0.175 18 0.194 3
0.172 20 0.190 1
0.169 23 0.185 1
0.161 45 0.183 2
0.176 <1
0.175 1
0.171 1
0.169 7

4 Intensities were approximated from peak heights.

b The aurichalcite mineral sample obtained from Wards Natural Science Establishment.

across the platelet surface up to 0.1 mm,
whereas in the synthetic sample the largest
platelets observed had dimensions on the
order of 1 pm.

SAD patterns from the synthetic and the
natural mineral samples, taken with the
platelet surface approximately perpendicu-

lar to the electron beam, are given in Figs.
2b and 3b, respectively. The patterns are
essentially identical which suggests that the
two samples have the same structure. The
lattice spacings calculated from 15 SAD
patterns from the synthetic sample yielded
0.641 = 0.004 and 0.531 = 0.004 nm in two
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F1G. 2. Electron micrographs of the Cu/Zn = 30/70 catalyst precursor. (a) Bright field image. (b)
Selected areas diffraction pattern indexed with respect to the {101} zone axis.

orthogonal directions. These values match
the by and ¢, unit cell dimensions of A (com-
pare with Table 1), and indicate that the
observed SAD pattern could be produced
from a zone axis near [100]. An accurate
determination of the platelet orientation
was difficult in the SAD mode because of
the close spacings of diffraction spots in the
{100] direction. An additional uncertainty
arose from diffraction spot broadening in
the direction parallel to the electron beam.
To resolve the orientation precisely, further
diffraction information was obtained with
the use of CBD methods (8, 9). The natural
mineral sample was used rather than the
synthetic sample because its thicker plate-

Py -
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lets enabled the Kikuchi bands and large-
radius CBD patterns to be recorded. A
CBD pattern from a platelet of mineral A is
given in Fig. 4a, which was produced by
slightly tilting the crystallite to an exact
zone axis. This is shown by the symmetric
nature of the Kikuchi bands and of the
First-Order Laue Zone (FOLZ).

The analysis of the FOLZ ring was car-
ried out with the use of Steed’s relation H
= AG?%2, where H is the reciprocal lattice
layer spacing parallel to the electron beam,
\ is the electron beam wavelength, and G is
the radius of the FOLZ ring (9). The value
of H determined from the FOLZ ring in Fig.
4a is 0.725 nm~!, which corresponds to a

F16. 3. Electron micrographs of the natural aurichalcite mineral. (a) Bright field image. (b) Selected
area diffraction pattern indexed with respect to the [101] zone axis.
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F1G. 4. (a) Convergent beam (20 nm) electron diffraction pattern of a mineral aurichalcite platelet
with the [101] zone axis showing the FOLZ (First-Order Laue Zone). Inset: the corresponding ZOLZ
(Zero-Order Laue Zone) selected area diffraction pattern. (b) Schematic diagram of the reciprocal
lattice of aurichalcite where the circled points correspond to the allowed diffraction spots (3). The
reciprocal lattice plane corresponding to the [101] zone axis is shaded.

crystal dimension parallel to the electron
beam of H™! = 1.38 nm. This measured
value of H™! is close to that calculated for a
[101] zone axis, 1.36 nm. For the [100] zone
axis, however, the calculated H™! spacing
would be 2.68 nm and the FOLZ ring would
consist of {1kl} spots with [ odd. A FOLZ
ring corresponding to the [100] zone axis
was not observed, as is evident from Fig.
4a, and therefore the zone axis is [101]. The
reciprocal lattice of the A structure is repre-
sented in Fig. 4b with the reciprocal lattice
plane perpendicular to the {101] zone axis
shaded. This figure illustrates that the ob-
served H™! distance of 1.38 nm originates
from the alternating allowed and forbidden
reciprocal lattice layers perpendicular to
the [101] axis.

All the diffraction spots in Figs. 2b, 3b,
and 4a are consistent with the [101] zone
axis of A as indexed, except for spots of the
type (0k0) with k odd which could be pro-
duced by double diffraction. These diffrac-
tion patterns cannot be indexed to the
monoclinic H structure and, therefore, rule
out the possibility that H was present. For
example, to account for the observed dif-
fraction spots with the H structure, a zone
axis of [110] would have to be assumed, but

in this case an angle of 87.7° would be
present between the [001] and [110] direc-
tions and this was not observed.

The elemental composition in the plate-
lets of the Cu/Zn = 30/70 precursor was
determined in the STEM-EDS mode, and
for 43 measurements the Cu (at.%) = 32.4
+ 3.4 and Zn (at.%) = 67.6 = 3.4, This
result shows that there was a uniform distri-
bution of copper and zinc in the catalyst on
a 10-nm scale.

Precursors with Cu/Zn < 30/70. The X-
ray diffraction patterns of the precursors
with the Cu/Zn = 0/100, 10/90, and 20/80
are presented in Figs. 1b, ¢, and d, and in
Table 2, respectively. The diffraction pat-
tern of the copper-free compound in Fig. 1b
and Table 2 is that of H with lattice spac-
ings in agreement with those reported by
Jambor and Pouliot (3) to within 1%. The
reflections particularly distinguishing H
from A and R are at 20 = 51.5° and 47.5°.
The characteristic lines of A at 20 = 34.1°,
41.9°, and 50.1°, as well as those of R at
14.7° and 17.3°, are absent in this composi-
tion.

An electron micrograph of the Cu/Zn =
0/100 sample is given in Fig. 5. The parti-
cles had a sheet-like morphology and some
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Fic. 5. Electron micrograph of the Cu/Zn = 0/100
catalyst precursor.

were oriented to produce a blade-like ap-
pearance. A diffuse SAD ring pattern was
produced from these areas which had d-
spacings of 0.323, 0.294, 0.274, 0.255, and
0.160 nm, close to the values for H. Not all
the d-spacings expected for randomly ori-
ented H were observed as follows from a
comparison with Table 2. This incomplete
set of reflections may have resuited from
the partial decomposition of the particles
under the electron beam. The particles ap-
peared to have a mottled surface, a feature
characteristic of decomposition (10).

The compositions that are intermediate
between pure H (Cu/Zn = 0/100) and A
(Cu/Zn = 30/70) have XRD patterns with
lines near both H and A (see Table 2 and
Fig. 1). Compositions such as Cu/Zn = 10/
90 and 20/80 gave patterns that are super-
positions of the diffraction patterns of H
and A in the proportion dictated by the ele-
mental composition. An example is given in
Fig. 6 in which the diffraction pattern of the
Cu/Zn = 10/90 precursor is compared with
that of the mechanical mixture of 33% of
the Cu/Zn = 30/70 precursor A and 67% of
the Cu/Zn = 0/100 precursor H. The two
diffraction patterns compared favorably ex-
cept for small shifts of the Bragg angles and
small differences in intensities. The above
analyses show that H increases as the Cu
concentration decreases below 30 at.%.

HIMELFARB ET AL.

The TEM images of the Cu/Zn = 10/90
sample showed that platelets were present
which appeared similar to those found in
the Cu/Zn = 30/70 precursor (see Fig. 2a).
SAD patterns from these platelets could not
be distinguished from the patterns obtained
in the Cu/Zn = 30/70 precursor (see Fig.
2b). The platelets having an A structure are
therefore present in the Cu/Zn = 10/90
sample. Elemental analysis of the A plate-
lets in the Cu/Zn = 10/90 sample gave Cu
(at.%) = 11.9 = 1.0 and Zn (at.%) = 88.1 =
1.0 from 10 measurements. In addition to
the platelets, the Cu/Zn = 10/90 sample
contained the sheet-like morphology H ob-
served in the Cu/Zn = 0/100 sample.

DISCUSSION

The XRD, SAD, CBD, and STEM-EDS
analyses show that the Cu/Zn = 30/70 pre-
cursor is a single-phase A with a uniform
distribution of the two metallic elements. A
can be distinguished from H as was demon-
strated by the comparison of the XRD pat-
terns of these two compounds in Figs. la
and b, respectively. The XRD reflections
particularly useful for distinguishing H and
A structures are: for A, 26 = 34.1° (d =
0.263 nm), 41.9° (d = 0.216 nm), and 50.1°
(d = 0.182 nm); and for H, 260 = 47.5°(d =

A A H
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FiG. 6. Comparison of the X-ray powder diffraction
pattern obtained (a) from a mechanical mixture of 33%
of the Cu/Zn = 30/70 precursor A and 67% of the Cu/
Zn = 0/100 precursor H with that (b) from the Cu/Zn
= 10/90 precursor. Diffraction lines useful for distin-
guishing aurichalcite (A) and hydrozincite (H) are
shown.
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0.192 nm) and 51.5° (d = 0.177 nm). The
previous assignment of the 30/70 precursor
to be a mixture of H and R (1) is thereby
found to be in error. The identification of
the Cu/Zn = 31/69 precursor as a single-
phase H (2), however, also is not correct,
although H and A are closely related (//,
12). A close inspection of the XRD pattern
in Ref. (2) reveals lines typical of A (sample
C31). It is therefore very likely that the Cu/
Zn = 30/70 precursor was A in all of the
previously reported preparations (I, 2) as
well as in the present work.

In the range of the Cu/Zn ratios less than
30/70 the precursor is a mixture of A and H
but there is some compositional variation
within both these structures. The present
study showed that the Cu/Zn atomic ratio
can vary from 11/89 in the Cu/Zn = 10/90
precipitated precursor to 42/58 in the natu-
ral A mineral. This indicates that A forms a
continuous solid solution series in this
range, in accord with Jambor et al. (3) that
the Cu substitution for Zn in A occurs in a
wide compositional range. The proposed
complex sheet structure of A (//, 12) con-
tains 60% octahedral and 40% tetrahe-
dral sites for the divalent cation. It is well
known that zinc ions prefer the tetrahedral
coordination and the blue color of the A
specimens indicates that the cupric ions oc-
cupy preferentially the octahedral holes.
Apparently the substitution of Cu for Zn in
the octahedral holes can occur over a large
range, as observed, while the tetrahedral
holes remain occupied by zinc only. In the
calcination stage of the catalyst prepara-
tion, the precursor A is decomposed to
form cupric oxide and zinc oxide. During
the thermal decomposition the zinc oxide
may be envisaged to nucleate from the ar-
rays of tetrahedral coordination units,
while the cupric oxide with local square
planar environment will nucleate from the
octahedral layers. The tetrahedral and octa-
hedral layers alternate in the [100] direc-
tion, and this intimate mixing of the copper
and zinc oxide precursor sites results in the
fine interdispersion of CuO and ZnO in the
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calcined catalyst. The decomposition has
indeed been shown to proceed along de-
fined crystallographic directions in A and to
produce a high dispersion of the oxides
(13). It is noted that the Cu/ZnO = 30/70 is
the most active catalyst for the low-temper-
ature—low-pressure methanol synthesis in
the binary copper—zinc oxide series (/) and
that the Cu/Zn = 30/70 single-phase A pre-
cursor gives rise to this high activity.

Interestingly, both aurichalcite and rosa-
site are formed with nearly the same stan-
dard free energy per metal cation (/4)? and
the two compounds appear as minerals in
the same natural locations. It is quite possi-
ble, therefore, that the laboratory prepara-
tions can be steered to aurichalcite or to
rosasite by a change in preparation condi-
tions. Because the copper and zinc ions are
finely interdispersed in both aurichalcite
and rosasite, both of these compounds may
be viable precursors of active methanol
synthesis catalysts.
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