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Hydroxycarbonate precursors with different Cu/Zn/Co/Cr
atomic ratios and Cu—Zn-Co-Cr oxides obtained by thermal treat-
ment of the precursors at different temperatures (623, 723, and
973 X in air) have been examined. Characterization has been
performed by X-ray powder diffraction, diffuse reflectance spec-
troscopy, thermal analysis, surface area determination, and mea-
surement of magnetic susceptibility. X-ray diffraction patterns
show that the precursors are essentially hydrotalcite-like materials
with the general formula (M?*)(M**),(OH}),,CO; « 4H,0 (M?* =
Cu, Zn, Co; M** = Cr). Thermal decomposition of the precursors
occurs in four steps; the first three (up to 7 = 623 K) consist of
complete dehydration of the sample, and the fourth (623 < T =
773 K) is due to the release of CO,. The precursor structure
collapses at T = 623 K, giving rise to nearly amorphous materials.
Crystalline oxide mixtures are formed only after complete release
of CO,. X-ray diffraction patterns show that the oxides obtained
by calcination of 973 K consist of a mixture of CuQO, Zn0O, and
ZnCr,04~ZnCo0,0,-Co0,0, spinel solid solutions. According to re-
flectance spectroscopy and magnetic susceptibility measurements,
the inclusion of Zn?" and Co** ions in the spinel-like solid solution
seems to be privileged with respect to the formation of separate
Co0,0, and ZnO phases. © 1995 Academic Press, Inc.

INTRODUCTION

The copper/zinc oxide catalyst containing alumina or
chromia is industrially important for methanol synthesis
from H, and CO (1-6). It has been reported that the
mixed catalysts are much more active than each of the
components and that the activity is enhanced if great
homogeneity of the oxides is achieved. Materials which
satisfy such requirements are preferably derived by ther-
mal decomposition of suitable precursors containing all
of the metal cations in the same phase (7, 8).

It has also been shown that addition of cobalt to Cu/
ZnO/M,0, catalysts results in a better selectivity towards
the formation of higher aicohols and hydrocarbons with
respect to methanol (9-13).

The aim of this work, which follows that already pub-

' To whom correspondence should be addressed.

lished on the Cu-Zn—Co-Al system (14), was to synthe-
size hydrotalcite-type® precursors containing an intimate
mixture of many metals (Cu®*, Zn?*, Co?*, Cr’*) in the
same framework of the layered double hydroxyde (LDH)
structure, to define the thermal stability and the structural
and electronic properties of the precursors as functions
of the metal composition, and to study the structural,
magnetic, and electronic properties of the oxides pro-
duced by thermal treatment of the precursors. The M**/
M?>* ratio has been kept equal to 3 in each sample in order
to obtain monophasic hydrotalcite-like compounds. The
Cu/Zn ratio is also constant and close to 2.3. The content
of cobalt, which is added at expense of copper and zinc,
ranges from 0 to 15 mole%. The study has been performed
with the aid of several complementary techniques such
as X-ray powder diffraction (XRPD), diffuse reflectance
spectroscopy, thermal analysis, magnetic susceptibility,
and BET surface area determination.

EXPERIMENTAL

Preparation

The hydroxycarbonate precursors were prepared by
addition of 0.5 liter of a 0.6 mole liter ! solution containing
the metal nitrates to 1 liter of a 0.67 mole liter ! NaHCO,
solution at a constant temperature of 313 K and under
vigorous stirring. The slurry was digested for 2 hr under
the same conditions. The pH after precipitation was ca.
6.5. From time to time it was adjusted by dropwise addi-
tion of a 1 mole liter ! NaOH solution, until the final value
was ca. 8. The color of the slurry was blue-green. The
precipitate was washed with 10 liters of distilled water in
order to eliminate the excess of Nat and NOj ions. After
washing, the precipitate was dried in vacuum at room
temperature for 4-3 days using anhydrous CaCl, as a

2 The mineral rhombohedral hydrotalcite (Hy) has the formula Mg
Al(OH),CO; - 4H,0 and a structure consisting, as shown in the perspec-
tive view of Fig. 1, of positively charged brucite-like layers (in which
all cations are randomly distributed among the octahedral positions)
with the interlayer space filled with anions and water molecules (15).
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TABLE 1
Analytical and Nominal (in Brackets) Metal Molar % Composition (Estimated Experimental Error: £2%), Phases Detected by XRPD
in the Precursors and in the Oxides Calcined at 973 K, Surface Areas (¢) of the Samples Calcined at 723 and 973 K, Phase Composition
(Weight %) of the Oxides Calcined at 973 K, Phase Composition (Molar %) of the Spinels, Observed (a,, with e.s.d.’s in Parentheses),
and Calculated (@, Estimated Error: 1%) Lattice Parameter, Observed (x,) and Calculated (x.,,.) Magnetic Susceptibility per Gram

of Sample
Cobalt content Co=20 Co=35 Co=10 Co=15

Cu% 56.0 (52.9) 51.1 (49.0) 47.6 (45.5) 44.7 (42.0)
n% 17.9 (22.5) 18.7 (21.0) 17.9 (19.5) 16.4 (18.0)
Co% 4.3 (5.0) 9.0 (10.0) 13.9 (15.0)
Cro% 26.1 (25.0) 25.9 (25.0) 25.5 (25.0) 25.0 (25.0)
Precursor phases’ Hy (+M) Hy (+M) Hy (+M) Hy
Oxide phases (973 K)° T.Z S 1,2, 8 T,Z,8 TS
¢/m? gt (723 K) 36 a4 45 50
d/m’ g7 (973 K) 14 13 12 11
Oxide composition

CuO 56.4 51.6 477 44.7

Zn0 5.0 3.7 2.0 —
Spinel 38.6 44.7 50.3 55.2
Spinel composition

ZnCr;0, 100 85.8 75.9 67.8

ZnCo,0, — 14.2 18.8 21.2

Coy0y — — 53 11.0
Spinel lattice parameter

a,l 8.328 (1) 8.291(1) 8.264(1) 8.246 (1)

alA 8.327 8,294 8.270 8.251
Magnetic susceptibility

X, (emmu X 106) 22.3 20.1 18.8 17.9

Xearc (emu X 106 22.3¢ 18.9 18.3 18.1

2 Symbaols: Hy = hydrotalcite, M = malachite, T = tenorite, Z = zincite, S = spinel.

% SI unit = 471072 emu.
¢ Experimental value for the reference compound ZnCr,0,.

dehydratant. The dry product was finely ground in an
agate mortar. The content of residual Na™ was analyzed
by atomic absorption and found to be less than 0.05% in
weight. The color of the compounds was light green.

The major problem connected with the precursor syn-
thesis was the complementary formation of small amounts
of Cu,(OH),CO, (malachite) as a byproduct. We found,
in general, that the presence of malachite in the precipitate
was promoted by (i) high final pH values (=8-8.5), (ii)
excess of NaHCO,, (iii) high temperature of the slurry
(=323 K), and (iv) long digestion time. Moreover, the
coprecipitation process tended to yield quasi-amorphous
compounds if operated from highly supersaturated solu-
tions. The experimental parameters (pH, amount of
NaHCO, employed, temperature, digestion time) were
adjusted in order to minimize the content of malachite
and to obtain monophasic LDH-type precursors.

The oxides were obtained by calcination of the corre-
sponding precursors for 6 hr in air at different tempera-
tures (623, 723, and 973 K).

Techniques

Metals analysis was performed by atomic absorption on
the oxides obtained by calcination at 973 K. The samples,
whose solubilization turned out extremely difficult even
in strongly acidic solution, were previously melted with
KHSO, in a Pt crucible. Analytical results are given in
Table 1, together with the nominal composition (in
brackets).

X-ray powder diffraction patterns were obtained with
a Philips automated PW 1729 diffractometer equipped
with an IBM PS2 computer for data acquisition and analy-
sis (software APD-Philips) and an HP Plotter. Scans were
taken with a 26 step size of 0.01° and using CuKe, (nickel-
filtered) radiation. XRPD data for reference hydroxycar-
bonates and oxides were taken from ref. (16). Table 1
reports the phases detected for each precursor and cal-
cined (973 K) sample.

The thermal behavior of the precursors was determined
with a Stanton Redcroft STA-781 simultaneous TGA-
DTA apparatus (Pt crucibles, Pt—Pt/Rh thermocouples,
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FIG. 1. Perspective view of the hydrotalcite, Mg.Al,(OH)(CO; -
4H,0, framework. ®: Mg** or AP*; O: hydroxyl; X*~: anion.

heating rate 10 K min™!), 15-20 mg of sample being em-
ployed for the runs.

Diffuse reflectance spectra (DRS) were taken in the
wavelength range 4000-50,000 cm ™! with a Varian CARY
2300 specrometer equipped with an IBM PS2 computer
for data acquisition and analysis (software Spectra
Cal.-Galactic Industries Corp.), and using PTFE as ref-
erence.

The total surface area of the oxide mixtures (obtained
at 723 and 973 K) was measured by the BET method using
nitrogen as adsorbate.

The magnetic susceptibilities were measured using the
Gouy method at room temperature.

RESULTS AND DISCUSSION
Hydroxycarbonate Precursors

The XRPD patterns of the precursors are reported in
Fig. 2. In spite of some broadening of the peaks, they
correspond to the typical pattern of the layered hydrotal-
cite-like compounds (16a), in which the equally spaced
peaks are due to the (001) reflections. The patterns show
a slight decrease of crystallinity with increasing cobalt
content.

The samples with coball content equal to 0, 3, and 10
mole% show, in addition to hydrotalcite, the presence of
a small amount of malachite, Cu,(OH),Co, (16b), whose
strongest lines are indicated by full points in Fig. 2.

The position of the peaks related to the (001) reflections
of the hydrotalcite-like structure does not change with
varying cobalt content. This is in substantial agreement
with the structural model of the LLDH material (Fig. 1),
whose interlayer distance along the ¢ axis is mostly due
to the size and the shape of the charge-balancing anion
rather than to the size of the cations contained in the
layers.

The reflectance spectra of the Cu-Zn—Co-Cr-contain-
ing precursors are reported in Fig. 3 (c—f). The (a) and
(b) spectra are reported for comparison and correspond
to ZnyCr,(OH),CO; 4H,0 and Cu,Zn,AL(OH),CO; -
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4H,0, respectively, compounds synthesized in our labo-
ratory and containing Cr** and Cu?* as the only spectro-
scopically active species. The DR spectra of the hydroxy-
carbonate precursors show (Fig. 3 c—f) (i) a shoulder at ca.
8500 and a broad band at ca. 12,500 cm™~! corresponding to
the expected transitions for Cu®* in a distorted octahedral
(0,) coordination (17, 18); (i) a shoulder at ca. 17,500
cm™! due to the 4A2 “T2 transition of O,1 Cr’* (17); (iii)
a slightly visible band at ca. 24,500 cm™! corresponding
to the ‘A, — *T; (F) spin-allowed transition of 0,-Cr**.
Note that the 4A2 ‘T, (P) spin-allowed transition of O,
Cr** is hidden by 4 btrong charge-transfer band which
starts at ca. 25,000 cm™', and that the transitions of Q-
Co’* (expected at ca. 8000 and 20,000 cm™!) (19) are cov-
ered by the absorption of Cu?** and Cr**.

The thermal analysis (TG and DTA) of the hydroxycar-
bonate precursors has been performed in air up to 973 K.
Figure 4 shows, as an example, the thermal features for
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FIG. 2. XRPD patterns (Cu-Ka, radiation) for Cu-Zn-Co-Cr pre-
cursors with different cobalt content: (a) Co = 0; (b) Co = 5; (¢) Co =
10; (d) Co = 15. @: strongest lines for malachite, Cu(OH),CO,. At the
bottom, the lines, with Miller (#4/) indices and relative intensities, are
given for hydrotalcite-like, H,, Cu,Zn,AL(OH)CO; - 4H,0 reference
compound (16a).
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FIG. 3. Reflectance spectra: (a) ZngCr,(OH)4CO; - 4H,0 reference
compound; (b) Cu,Zn,AlL,(OH)(CO; - 4H,0 reference compound;
(¢)precursor with Co = 0; (d) Co = 5; (e) Co = 10; (f) Co = IS.

the sample Co = 0 (the thermograms are similar for all
precursors). The thermal decomposition of the samples,
independently of their Cu-Zn-Co-Cr relative content,
occurs through the following four steps (% weight loss,
Ap, in parentheses):

(i) T = 363-373 K, loss of the residual water adsorbed
on the surface of the sample (Ap = 1.5%);

(ii) 373 = T = 423 K, loss of the crystallization water
(Ap = B%) located between the positively charged layers,
corresponding to the process:

(M*")(M3),(OH),,CO, - 4H,0(s)
— (M™)(M>*),(OH),,CO4(s) + 4H,0(g);

(1) 423 = T = 623 K, dehydration of the brucite-like
layers (Ap = 16%) due to the reaction:

(M 2+)6(M 3*)2(OH)15C03(S)
— (M?7)(M?*),04C04(s) + 8H,0(g);

(iv) 623 = T = 773 K, release of CO, (Ap == 5%), leading
to the formation of the M?*—M3* containing oxides.
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The experimental weight loss of each step agrees with
the value calculated according to the structural formula
of the LDH compound. Note that (i) the second and the
third steps can be distinguished from a slope change in
the TG curve; (ii) the first two endothermic peaks (at 383
and 523 K) observed in the DTA plot correspond to the
second and third steps of the thermal decomposition, re-
spectively; (iii) the third endothermic peak at 733 K and
the exothermic one at 783 K are respectively associated
to the release of CO, and to the formation of crystalline
oxides. In the window of Fig. 4 it is additionally shown
that with increasing cobalt content CO, tends to be lost
at slightly lower temperatures (an inverse tendency is
noted for the samples with Co = 10 and Co = 15). The
temperature of the dehydration process is not affected by
the cobalt content.

The easier release of CO, in cobalt-containing materials
seems to indicate cither that the metal-hydroxide frame-
work as a whole (Fig. 1) becomes less positive when
cobalt replaces both copper and zinc (so retaining less
strongly the interlayering carbonate anion), or, more
likely, that the cobalt-containing oxides are formed at a
lower temperature than the other oxides.

Oxides

The XRPD patterns of the sample Co = 0, calcined for
6 hr at different temperatures are reported in Fig. 5. The
spectrum of the sample calcined at 623 K (Fig. 5a) shows
a quasi-amorphous structure with the absence of the X-
ray lines of the hydroxycarbonate precursors. The very
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FIG. 4. Thermal analysis for the precursor with Co = 0: (1) TGA,
(2) DTA. Window (top): TGA for precursors with different cobalt con-
tent: (a) Co = 0; (b) Co = 5; (c) Co = 10; (d) Co = 15.
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FIG. 5. XRPD patterns (CuKe, radiation) for the sample with
Co = 0 calcined at different temperature: (a) 623 K; (b) 723 K (¢) 973
K. The phases observed at the final temperature (973 K) are indicated
as follows: T = tenorite, Z = zincite, S = spinel.

weak bands correspond to the lines of CuQ and of a spinel
phase. In accordance with the thermal analysis, it may
be deduced that the complete dehydration of the precur-
sors at 623 K leads to the oxycarbonate materials,
(M*)(M3*),04C0O;, where an incipient formation of ox-
ide microdomains arises within the layers.

The XRPD pattern of the sample calcined at a higher
temperature (723 K, Fig. 5b) reveals the unequivocal pres-
ence of CuO and spinel. The increase in the temperature
and the almost complete release of CO, thus allows a
further nucleation of the oxide microdomains, although,
at this temperature, the system is not yet highly crystal-
line. The further calcination at 973 K (Fig. 5c¢) results in the
formation of highly crystalline CuQ, ZnO, and ZnCr,0,.

The cobalt-containing samples have shown a quite simi-
lar trend as a function of the calcination temperature.

The XRPD patterns of the samples having different
cobalt content, calcined for 6 hr at 973 K, are reported
in Fig. 6. They generally reveal the presence of CuO,
Zn0, and spin¢l-like phase.

With increasing cobalt content, the following features
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arise from a qualitative analysis of the X-ray diffraction
patterns: (i) the relative peak intensity of CuO and spe-
cially of ZnO decreases (no ZnO is detectable in the sam-
ple Co = 15); (i) the relative peak intensity of the spinel
phase increases; (iii) the reflections related to the spinel
phase are progressively shifted to higher 26 angles. As
an example, it is visible from Fig. 6 (namely Figs. 6a and
6d) that the (311) reflection of the spinel phase and the
(002)/(111) reflection of CuO are superimposed (at 20 =
35.6% in the sample with Co = 0, whereas they are well
resolved in the sample with Co = 15.

Points (i) and (i1) can be explained by first taking into
account that the total amount of copper and zinc in the
samples decreases with increasing cobalt content (see Ta-
ble 1). Moreover, the strong dominution of ZnO and the
growth of the spinel phase are due to the formation of
zinc cobaltite, ZnCo,0,, a very stable spinel which is
usually formed at a lower temperature (723 K) (16h) than
other parent spinels. Point (i1), as will be discussed later,
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FIG. 6. XRPD patterns (CuKe, radiation) for samples at different
cobalt content calcined at 973 K: (a) Co = 0; (b) Co = 5; (¢) Co = 10;
(d) Co = 15. The observed phases are indicated as follows: T = tenorite,
Z = zincite, § = spinel.
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FIG. 7. XRPD patterns (CuKa, radiation) for samples at differ-
ent cobalt content, calcined at 973 K and washed with dilute HCL
{a) Co = 0; {b) Co = 5; (¢) Co = 10; (d) Co = 15. The Miller (hk)) in-
dices are given for the spinel phase.

can be accounted for by the formation of a solid solution
between different spinels.

In order to allow a more accurate analysis of the X-ray
reflections belonging to the spinel phases (without the
interference of CuO and ZnO) the samples calcined at
973 K were washed with a cold and dilute HCI solution
which completely removed CuO and ZnQO. Note that the
analysis of copper in the washed samples revealed a very
low Cu content (~1% in for all samples) in the spinel
phase, indicating that the materials obtained after HCI
treatment consist essentially of a mixture of Zn-Cr-Co-
containing (copper-free) spinel phase.

The XRPD patterns of the washed samples are shown
in Fig. 7. The observed lattice parameter of the cubic
spinel, a, (determined from the position of the X-ray re-
flections observed up to 26 = 70°), was found to decrease
linearly with increasing Co content (see Table 1).

By taking into account the analytical composition of
the samples and assuming the formation of spinel solid
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solutions, the values of the lattice parameters were calcu-
lated for each sample at different cobalt content [a, =
2,X a;, where q, is the value quoted in the literature for
the ith phase, i.e., 8.3275, 8.0946, and 8.084 A for ZnCr,0,
(16e), ZnCo,0, (16h), and Co,;0, (16i), respectively, and
X, the corresponding molar fraction]. It may be seen from
Table 1 that the «, values are in good agreement with the
observed ones.

According to the previous findings we could thus infer
that (i) copper is essentially present in all samples as CuO;
(1) the decrease of the amount of ZnO with the increase
in cobalt content signifies that Zn?>* ions are more and
more involved in the formation of the spinel phase; (iii)
for the sample without cobalt, ZnCr,0, is, as expected,
the only spinel formed; (1v) the addition of cobalt produces
first (sample with Co = 5) a Zn[Cr%“ijoi“‘]O4 ternary
spinel solid solution (both Co** and Cr** located at the
0, sites of the structure), and next (samples with Co =
10 and 15) a Zn, . Co2*[Cr37,Co3*]0, quaternary spinel
solid solution. Co** and Zn?* are present in the tetrahedral
(T,) sites of the spinel structure, as observed in CoCr,0,
and ZnCr,0, (20).

The results obtained by XRPD analysis are confirmed
by reflectance spectroscopy and magnetic measurements.

The DR spectra of the samples with different cobalt
content calcined for 6 hr at 973 K, not shown here, were
dominated by the strong absorption threshold of CuQ at
ca. 12,500 cm™! (21). The other relevant spectroscopic
features, related to the presence of the spinel phase, are
better evidenced in the spectra of the corresponding sam-
ples treated with dilute HCI (Fig. 8b—8e), where the inter-
ference of CuO has been removed. The sample without
cobalt shows (Fig. 8b), in the near infrared region
(4000-10,000 cm™!), a broad band whose shape cannot
easily be ascribed to any d—d transition, but more likely
is due to the presence of cation vacancies in the defective
Zn,_,Cr,_,O, spine structure. This band becomes nar-
rower with increasing cobalt content (Fig. 8¢, 8d) and is
replaced, at the highest cobalt content (Fig. 8d), by a
structured band centered at ca. 7000 cm~!, which corres-
ponds to the ‘A, — *T\(F) transition of T, Co** (19, 24).
We can thus infer that the vacancies are progressively
filled by the inclusion of some cobalt in both T, (Co?*)
and O, (Co**) sites, giving rise to quaternary Zn,_,
Co*[Cr3*,Col*]O; less defective spinels.

In addition to the band in the near infrared region, the
sample with Co = 0, Fig. 8b, shows a small band at ca.
14,500 cm™! and two absorptions centered at 17,500 and
24,000 cm™!. These three bands correspond to the transi-
tions from the ground state, *A,,, to the higher E,/°T,,,
T, , and *T states, respectively, of 0, Cr** (in Cr/Al,0,
these bands occur at 14,430, 18,000, and 24,600 cm !,
respectively) (17). Note that Fig. 8a shows for comparison
the spectrum of ZnCr,0Q, used as a reference for the spec-
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FIG. 8. Reflectance spectra for samples at different cobalt content,
calcined at 973 K and washed with dilute HCI: (b) Co = 0; (¢) Co = 5;
(d) Co = 10; (e) Co = 15. Spectrum (a) is reference ZnCr;0,.

troscopic transitions of Cr’* in the spinel structure (25).
At increasing cobalt content, Fig. 8c—8e, the band at ca.
24,000 cm™' becomes stronger in the presence of O,
Co** (17).

The observed value of the magnetic susceptibility per
gram of sample (x,) of the washed materials (identified
by XRPD, Fig. 7, as pure spinel solid solutions) decreases
with increasing cobalt content (Table 1). This trend can
qualitatively be explained considering that the majority
of cobalt introduced in the initial ZnCr,0O, spinel is the
diamagnetic Co** species which replaces the paramag-
netic Cr** one. By taking into account the same spinel
phase composition used to estimate the values of the lat-
tice parameters, the magnetic susceptibility has been cal-
culated for each sample according to the expression
Xeale = Z;WiXsp)i» Where (x,,); and W, are the magnetic
susceptibility per gram and weight percent, respectively,
of the ith spinel phase believed to be present in the solid
solution [x,, (emu, where SI unit = 47 X 10~* emu) used
for the different phases: 22.3 x 107° for ZnCr,0, (mea-
sured in our laboratory), —0.31 X 10~ for ZnCo,0, (from
the diamagnetic contributions of the single ions) (26), and
30.3 x 10~¢for Co;0, (27)]. The good agreement between
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Xo and x., values (Table 1) confirms the deductions drawn
from XRD and DRS methods.

CONCLUSIONS

By several complementary techniques the following
points have been evidenced:

(i) Precursors are essentially hydroxycarbonate com-
pounds with layered hydrotalcite-like structures and con-
tain in the same hydroxide layers all Cu?*, Zn?t, Co?*,
and Cr** species.

(ii) Precursors undergo a four-step thermal decomposi-
tion in which dehydration from the hydroxyde layers oc-
curs at T = 623 K with formation of nearly amorphous
oxycarbonate species; CO, is released at 623 = T =
773 K, with final formation of crystalline oxide mixtures.

(iii) The oxide products obtained by calcining the pre-
cursors at 973 K consist of a mixture of CuO, ZnO, and
defective Zn,_,Cr,_ O, spinel for samples without cobalt,
of CuO, ZnO, and ternary Zn[Cr}} Col*]0, spinel solid
solution for those with low cobalt content, and of CuQ
and quaternary Zn,_,CoZ*[Cr3*,Co}*]0, spinel solid solu-
tion for samples with higher cobalt content.
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