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Different mixed oxides containing Cu, Zn, Co, Mg, and Cr
were obtained by calcining hydroxycarbonate precursors at dif-
ferent temperatures (653 or 873 K). Characterization was per-
formed by X-ray diffraction, thermal analysis, infrared and
reflectance spectroscopy, and BET surface area determination.
Depending on metal composition the mixed oxides were con-
stituted by CuO, ZnO, CuCrO, ZnCr,0,, CoCr,0, and
Co,Cu,_ Cr,0,, Mg, Cu,_ Cr,0,, Co**Co*Cr,_,0, solid solu-
tions. The phase evolution during reduction of the mixed oxides,
followed by in situ X-ray diffraction up to 973 K, showed that the
reducible species, when present, were CuO, CuCrQ,, tetragonal
Co,Cu,_,Cr,0, and Mg Cu,_ Cr,0, spinels, with metallic cop-
per and cubic spinels as final products of reduction.  © 2000 Academic

Press

1. INTRODUCTION

Reduced copper chromites containing or not other ele-
ments are widely employed as catalysts for many reactions,
such as hydrogenation of organic compounds (1-9), alcohol
decomposition or dehydrogenation (10, 11), ester hydro-
genolysis (12), and, more recently, environmental applica-
tions (13-15). Cu-Zu-Cr(Al) mixed oxides have been also
extensively studied as catalysts for methanol or higher alco-
hol synthesis from H, and CO (16-21). It has also been
shown that addition of cobalt to Cu/ZnO/M,0O; catalysts
tends to increase the selectivity in higher alcohols or hydro-
carbons in comparison to that in methanol (22-26).

It has been reported that 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 thermal decomposition of precursors containing
all the metal cations in the same phase (26-30).
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The aim of this work was to synthesize high surface area
(Cu, Co, Zn, Mg)-Cr mixed oxides, with different metal/Cr
atomic ratios, obtained at relatively low temperature of
calcination from hydroxycarbonate precursors, to deter-
mine some of their structural properties, and to investigate
their reactivity to reduction.

2. EXPERIMENTAL PROCEDURES

Precursors were obtained by coprecipitation at
pH = 8.0 £ 0.1 pouring 0.5 liter of a 0.6 mol liter ~ * solution
of metal nitrates in suitable proportions to 1 liter of
a 0.8 mol liter ! NaHCOj; solution at a constant temper-
ature of 333 K and under vigorous stirring. The slurry was
digested for 3 h under the same conditions. All precipitates
were repeatedly washed with cold distilled water to elimin-
ate the excess of Na* and NOj ions. After washing, the
sodium content was analyzed by atomic absorption and
found to be less than 100 ppm. Once washed, the solids were
heated in an oven at 363 K for 12 h and finely ground. The
oxides were obtained by calcining the precursors for 14 h at
653 and 873 K.

Metal content was determined by atomic absorption with
a Varian SpectrAA-30 instrument and found for all metals
to agree within 5% with the nominal one.

X-ray diffraction (XRD) powder patterns were recorded
using a Philips PW 1729 diffractometer equipped with an
IBM PS2 computer for data acquisition and analysis (soft-
ware APD-Philips) and a HP plotter. Scans were taken with
a 20 step size of 0.01° by using Ni-filtered CuKo radiation.
The phase evolution during the reduction process was
studied by in situ XRD in an Anton-Paar HTK 10 camera
attached to a Philips diffractometer equipped with inner
heating block-sample holder, and with variable temperature
and feed controls. The samples calcined at 653 K were
reduced step by step in the temperature range 373-973 K for
10 min at each step of 100 K in a flow of 45-50 ml min ! of
H,/N, mixture (6/94 v/v). XRD patterns were recorded
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FIG.1. X-ray diffraction pattern for the Cr/Cu/Mg = 50/40/10 precur-

sor dried at 363 K

after each step of reduction in the range of 260 = 15-50°,
since this is the range in which the strongest X-ray reflec-
tions of the initial and most likely reduced phases present
could occur. Lattice parameters of the spinel phases were
calculated by means of the UNITCELL program.?

Reflectance spectra were recorded in the wavelength
range 4,000-50,000 cm ™! with a Varian CARY 5E spec-
trometer equipped with an IBM SP2 computer for data
acquisition and analysis (software Spectra Cal.-Galactic
Industries Corp.), and using PTFE as reference.

IR spectra were recorded using the KBr disk technique
and a Perkin-Elmer 1700 Fourier-transform (FTIR) spec-
trometer in the range 4000-400 cm ~! range.

BET surface areas were measured by N, adsorption using
a Carlo Erba Sorpty 1750 apparatus.

Thermogravimetric analysis was performed using a
Perkin-Elmer TGS-2 thermobalance, with an N, flow of
50 ml min~! and a constant heating rate of 10 K min ™!

3. RESULTS AND DISCUSSION
3.1. Precursors

All dried precipitates showed XRD patterns typical of
quasi-amorphous phases (see Fig. 1 as example). However,
two broad bands at d=2.6A4 (20 ~ 35° and 1.5 A
(20 =~ 60°) are visible (except for the cobalt-containing ma-
terials), and they may be attributed to the hydrotalcite-type
(HT) hydroxycarbonate (31-33). It must be noted that the
synthesis of HT phases containing up to 50% of trivalent
cations (as atomic ratio) have been already reported (34, 35).

The precipitates were identified as hydroxycarbonates on
the basis of IR analysis (36). Note that identification by IR is
not a diagnostic tool for HT compounds, but it is useful to
check the anions in the interlayer between the brucite-like
sheets (32). Independently from the chemical composition
[the IR spectrum for Cr/Cu/Mg = 50/40/10 atomic com-
position is shown in Fig. 2a, as example], all samples pres-

ent a large absorption band in the 400-600 cm ™! range,

2T.J. B. Holland and S. A. T. Redfern, J. Appl. Crystallogr. 30, 84 (1997).
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FIG. 2. (a) IR spectrum for the Cr/Cu/Mg = 50/40/10 precursor dried
at 363 K. (b) Thermogram for the Cr/Cu/Mg = 50/40/10 precursor dried at
363 K.

attributable to an M-O vibration, whose intensity is related
to the chromium content (37). It may thus be hypothesized
the presence of a chromium hydroxide-type phase, also
taking into account the occurrence of an absorption of less
intensity at 830 cm~!. The splitting of the v; frequency
of the carbonate ion with the appearance of two bands in
the 1350-1500 cm ™! range (with a separation between the
peaks of about 100 cm ™!, typical of basic salt) and the
presence of a shoulder at about 1050 cm ! are evidences of
basic salt with a low degree of symmetry of the carbonate
ions (36, 38, 39). Moreover, the intensity of the band at
1630cm ™! is not only attributable to water deforming
vibration but can be also due to the presence of bicarbonate
ions (40,41). Anyway, the low degree of symmetry of the
carbonate anions and the presence of bicarbonate ions are
not in contradiction between them and both the species may
simultaneously coexist.

The thermograms performed in N, are similar for all
precursors. Figure 2b shows, as an example, the thermal
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features for the sample Cr/Cu/Mg = 50/40/10 (atomic ratio
%). The thermal patterns reveal a total weight loss which is
in all cases in the 31-35% range, in agreement with the
value calculated according to the decomposition of HT
phases into mixed oxides, thus confirming their presence in
the precipitates. The weight loss at higher temperatures may
be ascribed, on the basis of the IR analysis, to the decompo-
sition of residual carbonates and of small amounts of chro-
mate formed in the previous step. As previously reported for
Cu-Zn-Co-Cr-Al HT compounds (42-44), the thermal de-
composition of the precipitates, independently of their rela-
tive metal content, occurs through the following steps:
(i) at T < 373K, loss of the residual water adsorbed on
the surface of the sample; (ii) at 373 < T < 563K, loss of
the crystallization water and dehydration of the brucite-
like layers forming oxycarbonate species; (iii) at
563 < T < 743 K, release of CO,, leading to the formation
of the mixed Me?*-Me3* oxides.

The reflectance spectra, although not diagnostic for the
given HT precursor, are reported in Fig. 3 to show the
octahedral (0,) oxygen coordination around metals, coordi-
nation common for this type of compounds. All spectra are
dominated by 0,~Cr3*. Apart from the bands at lower
energy (up to ca. 5000 cm™ '), due to surface water, the
spectra of all the precipitates show the occurrence of two
bands at ca. 17,500 and 24,500 cm ~ ! (specially evident in Fig.
3a, b, and d) which are due to the spin-allowed transitions of
0,~Cr3* [45]. A shoulder at ca. 14,500 cm ~! corresponding
to the spin-forbidden transition of 0,~Cr3* is also visible.
Note that the charge-transfer band, which starts at ca.
32,000 cm !, probably hides another spin-allowed transition
of 0,~Cr®"*, expected at ca. 39,000 cm ™. For the cobalt-
containing samples (Fig. 3c and d) a band at ca. 8000 cm !,
expected for Co? ™ in octahedral symmetry (46) also appears.
However, the expected strong band at ca. 20,000 cm ™!, ob-
served in the 0,-Co(H,0)Z* complex, is not visible in the
above spectra. When copper is present, the reflectance spectra
(Fig. 3e and f show a broadening of the first band attributed
to chromium; the left part of the large band occurs at
ca. 12,500 cm ! and corresponds to the expected transition
for Cu?" in a distorted octahedral coordination (45).

3.2. Oxides

XRD patterns of the precursors calcined at 653 K (Fig. 4)
showed the prevailing presence of chromite spinels contain-
ing (depending on the divalent metal composition) Zn, Co,
and Mg ions (Table 1). Moreover, samples of ZnO in
Cr/Zn = 50/50 (Fig. 4b), CuO in Cr/Cu/Co = 50/40/10
(Fig. 4e), and CuCrOy,, plus CuO in Cr/Cu/Mg = 50/40/10
(Fig. 4f) were revealed, in addition to the chromite spinel
phase.

The precursors were also calcined at 8§73 K to increase
their crystallinity and to allow a more accurate X-ray analy-
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TABLE 1
Chemical and Structural Data for the Precipitates dried at
363 K and for the Samples Obtained by Heating the Precipitates
at Different Temperatures and in Different Atmospheres

Composition” T/K Phases” ¢° a’ ¢!

Cr/Zn = 67/33 363 Quasi-amorphous (H)

653 Spinel 80
873 c—ZnCrZO4 27 83438
H, (973 K) ¢ZnCr,0,
Cr/Zn = 50/50 363 Quasi-amorphous (H)
653 Spinel + ZnO 119
873 ¢-ZnCr,0, + ZnO 33 8.3433
H, 973 K) ¢ZnCr,0, +ZnO
Cr/Co = 67/33 363 Quasi-amorphous (H)
653 Spinel 59
873 ¢-CoCr, 0O, nd. 8.3377
H, (973K) ¢-CoCr,0,
Cr/Co = 50/50 363 Quasi-amorphous (H)
653 Spinel 101
873 ¢-Co**Co¥*Cr,_ O, nd. 8.2838
H, 973K) -Co?*Co’*Cr, O,
Cr/Cu/Co 363 Quasi-amorphous (H)
= 50/40/10
653 Spinel + CuO 120
873 t-Co Cu, _ Cr,0, + CuO 38 6.0203° 7.9257°
H, (673 K) ¢-CoCr,0, + Cu®
Cr/Cu/Mg 363 Quasi-amorphous (H)
= 50/40/10
653 Spinel + CuCrO, + CuO 70
873 t-Mg Cu, _ Cr,O, + CuO 22 6.0232¢ 7.9093¢
H, (673 K) ¢-MgCr,0, + Cu®

“Cr, Zn, Co, Cu, Mg atomic %.

b Phases detected by XRD for samples calcined at the given temper-
atures, and those observed at the end of the XRD in situ reduction (H,/N,)
process performed on samples calcined at 653 K. H = hydroxycarbonate;
¢ = cubic spinel; ¢ = tetragonal spinel.

“Surface area (m? g~ ).

4 Lattice parameters (A) relative to the spinel phase.

¢ Lattice parameters determined for the spinel phase after washing the
samples with dilute and cold HCI (see text).

sis of the phases present. The XRD powder patterns (Fig. 5)
show the presence of cubic Zn- and Co-chromite spinels for
the Cr/Zn and Cr/Co specimens, respectively, while for the
Cr/Zn = 50/50 sample, the spinel phase plus ZnO can be
observed. Table 1 reports the lattice parameters determined
for the spinels present in the 873 K samples.

Cubic ZnCr,0, in the Cr/Zn = 67/33 sample has a lattice
parameter (a = 8.3438 A) slightly higher than that quoted
for this compound (8.3275 A) in the literature. A similar
a value (8.3433 /&) is found for the Cr/Zn = 50/50 sample,
thus indicating that stoichiometric ZnCr,O, also occurs in
this material and that the excess of zinc is present as ZnO
phase. For the stoichiometric Cr/Co = 67/33 material the
lattice constant value of the spinel phase (8.3377 A) is similar
to that given for CoCr,0, (8.330 Ao;) (31). On the other hand,
the value of a = 8.2838 A for the Co/Cr = 50/50 sample is
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FIG. 3. Reflectance spectra for the precursors dried at 363 K with the
following atomic compositions: (a) Cr/Zn = 67/33; (b) Cr/Zn = 50/50;
(¢) Cr/Co =67/33; (d) Cr/Co = 50/50; (e) Cr/Cu/Co = 50/40/10; (f)
Cr/Cu/Mg = 50/40/10.

lower and intermediate between those of CoCr,0,4 (8.330 A)
and Co;0, (8.084 A) (31). It may be recalled that both
CoCr,0, and Co30, are isostructural, e.g., “normal”
spinels with trivalent Cr** and Co** in the octahedral, and
divalent Co?* in the tetrahedral sites of the spinel lattice, so
that the difference in the unit cell constant between
CoCr,0, and Co;0, corresponds, at equal cation distribu-
tion, to the difference in size between Cr** and Co** [0,
ionic radii: r&" = 0.615; 13 = 0.545 A for Co* in low-spin
configuration (47)]. The wunit cell constant of the
Co/Cr = 50/50 sample thus indicates that the spinel may be
considered as a solid solution of CoCr,0, and Co;0,,
arising from an isomorphous Cr**/Co** cation substitu-
tion. On the basis of the lattice constant values for CoCr,0,
and Co3;0,4 end members and hypothesizing that the
Co?*Col*Cr3*,0, spinel-type solid solution obeys
Vegard’s law (48), the Co2*Cop }Cr} £, composition can
be suggested, in agreement with nominal cobalt and chro-
mium content which should give the Co?*Co35Cri 50,
formula.

Figure 5e, and f shows that the spinel phases present in
the ternary Cr/Cu/Co = 50/40/10 and Cr/Cu/Mg=
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FIG. 4. X-ray diffraction patterns for the oxides obtained at 653 K:
(@) Cr/Zn=67/33; (b) Cr/Zn=50/50; (c) Cr/Co=067/33; (d)
Cr/Co = 50/50; (e) Cr/Cu/Co = 50/40/10; (f) Cr/Cu/Mg = 50/40/10. Refer-
ence lines for the cubic chromite spinel are given at the bottom. Circle,

asterisk, and square indicate the most intense X-ray lines for CuO, ZnO,
and CuCrOy, respectively.

15.0 45.0

50/40/10 samples calcined at 873 K have a definite tetra-
gonal lattice structure. Moreover, the formation of
Co,Cu, - Cr,0,4 and Mg,Cu, _,Cr,0, spinel solid solu-
tions may be hypothesized also for the above compositions.
For a better evaluation of the lattice parameters of the
tetragonal spinel phase (without the interference of CuO)
the Cr/Cu/Co = 50/40/10 and Cr/Cu/Mg = 50/40/10 speci-
mens calcined at 873 K were washed with a cold and diluted
HCI solution, removing completely CuO. The lattice para-
meters of the observed spinels are reported in Table 1. On
the basis of both metal contents and observed phases, we
suggest Cogy 4Cug ¢Cr,O, and Mg, ,Cug (Cr,O, as the
most probable formulae for the tetragonal (Co-Cu) and
(Mg-Cu) chromite solid solutions, respectively.

It may be recalled that the XRD patterns of the samples
calcined at 653 K (Fig. 4) revealed the presence of spinel and
CuO in the Cr/Cu/Co = 50/40/10 material and spinel, CuO,
and CuCrO, in the Cr/Cu/Mg = 50/40/10 sample. Due
to the low resolution of the spectra, it was not possible
to ascertain the structural symmetry, e.g., if cubic or
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FIG. 5. X-ray diffraction patterns for the oxides obtained at 873 K:
(@) Cr/Zn=67/33; (b) Cr/Zn=50/50; (c) Cr/Co=67/33; (d)
Cr/Co = 50/50; (e) Cr/Cu/Co = 50/40/10; (f) Cr/Cu/Mg = 50/40/10. Refer-
ence lines for the cubic and tetragonal copper chromite spinel are given at
the bottom and at the top, respectively. Circle and asterisk indicate the
most intense X-ray lines for CuO and ZnO respectively.

20.0 60.0 70.0

tetragonal, of the spinel phase. Moreover, the similarity of
the lattice parameters for cubic CuCr,0O, (8.344 /o\),
CoCr,0, (8.330 A), and MgCr,0, (8.333 A) spinels (31) did
not allow us to distinguish which spinel is formed at 653 K,
i.e., if pure spinels or spinel solid solutions. However, we can
suggest that, at the increase of the temperature from 653 to
873 K, a reaction occurs between the spinel phases (and
CuCrO, copper chromate for the Cr/Cu/Mg = 50/40/10
sample), giving rise to tetragonal spinel solid solutions.
Moreover, the similar values of tetrahedral ionic radii for
Cu2*,Co2*, and Mg2* [0.57,0.58, and 0.57 &, respectively,
(47)] do not allow any direct confirmation on the solid
solution formation. However, the difference between the
evaluated unit cell volume for Cr/Cu/Co = 50/40/10
(V = 287.26 A% and Cr/Cu/Mg = 50/40/10 (V = 286.95 A3),
and that for tetragonal CuCr,O, [V = 283.31 A3 31)]
tends to confirm the suggested formation of spinel solid
solution for the above materials.

It is noteworthy that CuCr,0,, due to the Jahn-Teller
effect, is one of the few 3 spinels, which may crystallize other
than in the cubic structure, in the more stable tetragonal form.
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Note also, that in the Cr/Cu/Mg = 50/40/10 material
calcined at 653 K a CuCrO, chromate phase was found in
addition to MgCr,0, and CuO (Fig. 4f). This agrees with
the suggested mechanism of formation of spinel phases
(especially for copper chromites) through chromate inter-
mediate and its successive decomposition at higher temper-
ature (49).

3.3. Reducibility of the Oxides

In situ reduction XRD analysis shows (Table 1) that the
Cr/Zn = 67/33, Cr/Zn =50/50, Cr/Co =67/33, and
Cr/Co = 50/50 samples obtained by calcining the precur-
sors at 653 K are not reduced at all by a H,/N, (6/94 v/v)
mixture up to the final temperature of 973 K. Apart from
a higher crystallinity, the original spinel phases (and ZnO
for the Cr/Zn = 50/50 material) were detected at the end of
the reduction experiment.

The following features regarding the reduction of the bulk
structure emerged from the in situ XRD analysis performed
on the Cr/Cu/Co = 50/40/10 sample: (i) at 473 K the pat-
tern is the same as that taken at room temperature; (ii) at
523 K the disappearance of CuO, the decrease in intensity of
the peaks belonging to the spinel phase and the first evid-
ence of Cu’® formation are detected; (iii) at T > 523 K more
and more reduction is going on until 673 K, where the
reduction is completed with formation of a high amount of
metallic copper and a small amount of spinel phase. Figure
6 shows the comparison between the XRD patterns for the
unreduced (a) and completely reduced (b) samples. Note
that, in addition to the much lower intensity of the whole
spectrum, the most intense spinel peak is shifted, in the
reduced sample, toward higher 20 angles. By taking into
account that, as found in the most crystalline sample ob-
tained at 873 K (Fig. 5), also the spinel present in the 653 K
material is most likely a tetragonal Co,Cu; _,Cr,0, solid
solution, and that the tetragonal CuCr,O, and cubic
CoCr, 0, spinels have their most intense peak at 20 = 35.2°
and 35.7°, respectively (31), it could be inferred that starting
from T = 523 K, in addition to the reduction of CuQ, also
the tetragonal Co,Cu; _ ,Cr,0, solid solution undergoes to
reduction of copper (coming out the spinel lattice) giving
rise to small amount of cubic CoCr,0O, and additional Cu®,
with the excess of chromium probably present as not well
crystallized spinel-like y-Cr,O3 (not detected by XRD).

In situ reduction XRD analysis performed on the
Cr/Cu/Mg = 50/40/10 sample has shown that up to 473 K
the pattern is the same as that taken at room temperature.
At 523 K, tenorite, CuO, and copper chromate, CuCrQO,,
disappear with first evidence of metallic copper, whereas the
spinel phase is still present. The end of the reduction, with
a higher formation of metallic copper and evidence of a
much smaller amount of the spinel phase, occurs at 673 K.
Figure 7 shows the comparison between the XRD pattern of
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FIG. 6. X-ray diffraction patterns for the Cr/Cu/Co = 50/40/10
sample: (a) obtained by calcination of the precursor at 653 K, (b) subjected
to in situ reduction (H,/N, mixture = 6/94 v/v) at 673 K. At the bottom the
X-ray lines of the reference cubic CuCr,0O, spinel are reported. Asterisk
and circle indicate the most intense X-ray lines for CuO and Cu®, respec-
tively.

16.0 45.0

the unreduced sample (a) and that of the completely reduced
one (b). Also in this case, in addition to the much lower
intensity of the whole spectrum, the most intense spinel
peak is shifted, in the reduced sample, toward higher 26
angle. By considering that, as found in the more crystalline
sample obtained at 873 K (Fig. 5), the spinel present in the
653 K material is also most likely a tetragonal
Mg, Cu; - Cr,0, solid solution, and that the tetragonal
CuCr,0, and cubic MgCr,0O, spinels have their most in-
tense peak at 20 =35.2° and 35.7°, respectively (31), it
might be inferred that, as previously discussed for the
Cr/Cu/Co = 50/40/10 sample, at T > 523 also the copper
ions inside the tetragonal Mg,Cu, _,Cr,0, solid solution
undergo reduction with formation of additional Cu®, a small
amount of cubic MgCr,0,, and not well-crystallized spinel-
like y-Cr,0O3 phase, not detectable by XRD analysis.

4. CONCLUSIONS

By means of several complementary techniques the fol-
lowing points have been evidenced:
(i) Precursors are quasiamorphous hydroxycarbonate
compounds, probably with a layered hydrotalcite-type
structure.
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FIG. 7. X-ray diffraction patterns for the Cr/Cu/Mg = 50/40/10
sample: (a) obtained by calcination of the precursor at 653 K, (b) subjected
to in situ reduction (H,/N, mixture = 6/94 v/v) at 673 K. At the bottom the
X-ray lines of the reference cubic CuCr,O, spinel are reported. Square and
circle indicate the most intense X-ray lines for CuCr,0,4 and Cu®, respec-
tively.

(i) Samples obtained by calcination of the precursors at
653 K, depending on the relative cation composition, con-
sist of mixtures of chromite spinels, CuO, ZnO, and copper
chromate.

(iii) Samples obtained by calcination of the precursors at
873 K, depending on the relative cation composition, con-
sist of a mixture of ZnO and cubic spinels for the binary
materials, and of a mixture of CuO and tetragonal spinel
solid solutions for the ternary samples.

(iv) Under hydrogen treatment, the Cr/Zn and Cr/Co
binary spinel phases are not reduced up to 973 K. For the
ternary materials, in addition to the reduction of CuO
and CuCrO,, the tetragonal Co,Cu,_,Cr,0O, and
Mg, Cu; _,Cr,O, solid solutions transform to cubic
CoCr,0, and MgCr,0, binary spinels, respectively, with
formation of additional metallic copper.
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