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Abstract Mixed Cu,Mn, Cu,Mn,Al, Cu,Mg,Mn, and
Cu,Mg,Mn,Al oxides were obtained by calcination of
amorphous basic carbonate (Cu,Mn oxides) or hydro-
talcite-like precursors at 300-800 °C. The product
composition was characterized by chemical analysis,
XRD, and voltammetry of the microparticles. The XRD
amorphous portion was detected indirectly by XRD and
directly by voltammetry. Tenorite (CuO) and spinels
were the main crystalline components of the oxide
mixtures. The presence of Al shifted the onset of the
crystallization of XRD-detectable tenorite and spinel to
temperatures higher by 100-200 °C, and the presence of
Mg shifted tenorite crystallization by 100 °C, but vol-
tammetry was able to detect these phases even in XRD-
amorphous or nanocrystalline calcines. Voltammetry is
hence suitable for analysis of poorly crystalline oxides
that can be used in heterogeneous catalysis.

Keywords Amorphous phases - Cu,Mn oxides -
Hydrotalcite - Microparticles - Voltammetry

Introduction

According to widely accepted practical experience, for a
transition metal oxide to be a good catalyst it should
have a small particle size, poor crystallinity, and/or a
defect structure. Such materials are poorly characterized
by XRD: a specimen with a specific surface area of
150 m?/g can be composed of particles with a charac-
teristic size of ~10 nm that is not very much above the
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coherence length required to obtain a well-resolved dif-
fraction pattern. Other methods are hence required to
characterize such a poorly ordered solid if the catalyst’s
functionality is to be understood and optimized. EXAFS
[1, 2, 3] and XPS [4, 5] are frequently used for this task,
but they are not well suited to more complex oxide
mixtures. Redox catalysts are frequently based on clec-
trochemically active transition metal oxides, and hence
electroanalytical techniques are worth testing for the
task. Several electroanalytical studies have recently dealt
with transition-metal-containing catalysts, such as Fe
zeolites [6] and Ni,Mn oxides [7]. In Fe zeolites [6],
voltammetry was found suitable for the complete spe-
ciation of Fe(III) species present in the catalyst. In the
case of Ni,Mn oxides [7], voltammetry directly detected
XRD-amorphous matter rich in Mn'" that was present
at a calcination temperature of ~300 °C. In principle,
voltammetry can have a similar nature as temperature-
programmed reduction (TPR): both techniques are
based on analysis via heterogeneous reaction kinetics. In
Cu-containing oxides, TPR can distinguish nanocrys-
talline and bulk CuO [8] on the basis of their different
reactivities. The Mn valence in non-stoichiometric
Ni,Mn spinel was estimated by TPR from hydrogen
consumption [9]. Both Mn oxides and CuO can also be
studied by voltammetry, employing reductive dissolu-
tion and reduction to metal, respectively.
Cu,Mn-containing metal oxides can be easily ob-
tained by calcination of mixed carbonates [1], metal ni-
trates [5], or hydrotalcite-like compounds. Cu,Mn oxides
have recently been tested in the combustion of CO [1],
NHj; [5], and organic pollutants. Amorphous copper
manganite, CuMn,0,4 (“hopcalite’), is probably the
best-known catalyst of this type used in the combustion
of volatile organic compounds. In the present work,
Cu,Mn-containing oxide mixtures were prepared by
thermal decomposition of hydrotalcite-like precursors or
hydroxycarbonates and characterized by chemical
analysis, XRD, and voltammetry. The aim was to
characterize the phase composition of the Cu- and Mn-
containing mixed oxides obtained by the thermal treat-



ment of the above-mentioned precursors at temperatures
of 300-800 °C. Calcines obtained at lower temperatures
(300-500 °C) are almost XRD amorphous but actually
such solids could be interesting for their application in
heterogeneous catalysis. Voltammetry was used to
compare the low-temperature calcines with those ob-
tained at temperatures up to 800 °C that were conve-
niently and unequivocally analyzed by powder XRD.

Experimental

Samples of Cu™-Mn™ hydroxycarbonate with a Cu:Mn molar
ratio of 4:2 (denoted as Cu4Mn2) and Cu'-Mg"-Mn""-AI"" hy-
drotalcite-like compounds with Cu:Mg:Mn:Al molar ratios of
2:2:2:0, 4:0:1:1, and 2:2:1:1 (denoted as Cu2Mg2Mn2, CudMnAl,
and Cu2Mg2MnAl, respectively) were prepared by coprecipitation.
A series Mgd4Mn2 was also prepared as a reference without Cu. An
aqueous solution (450 mL) containing appropriate amounts of
metal nitrates, Cu(NO3),.3H,0, Mg(NO3)ﬁ.6H20, Mn(NO3),.4-
H,0, and/or AI(NO5);.9H,0, with a M/M™ molar ratio of 2 and
a total metal ion concentration of 1.0 M was added dropwise with
vigorous stirring to 200 mL of 0.5 M Na,COj; solution. The
addition took about 1 h. During the synthesis the temperature was
maintained at 25 °C and the pH at about 10 by simultaneous
addition of a 3 M NaOH solution. The resulting suspension was
then maintained for 18 h at 25 °C with stirring. The product was
filtered off and washed repeatedly with distilled water and dried
overnight at 60 °C in air. The dried precursors were calcined at
chosen temperatures in the range 300-800 °C in air for 2 h. The
elemental composition was checked by flame AAS (Cu, Mg, Mn)
and chelatometric titration (Al). Analysis of the mean Mn valence
was performed after dissolution of calcines in a solution of KI
acidified by HCI by titration of the evolved I, by Na,S,03. The
mean Mn valence was calculated assuming that Cu and Mg are
divalent and Al trivalent. Malachite [Cu,CO3(OH),] and tenorite
(CuO) reference samples were prepared by precipitation of CuCl,
solutions by additions of Na,COj3 at room temperature and NaOH
at 90 °C, respectively.

Decomposition of the precursors was studied by thermal
analysis (TG/DTA) using a Netzsch STA 409 instrument equip-
ped with a quadrupole mass spectrometer (QMS 403/4, Balzers)
for analysis of the gases evolved during sample heating. The
heating rate of 10 °C/min in air with a flow rate of 75 mL/min
and 50 mg of sample were used. Gaseous products were contin-
ually monitored for the chosen mass numbers m/z=18 (H,O")
and 44 (CO,™).

Powder XRD patterns were recorded using a Seifert XRD
3000P instrument with Co Ko radiation (4=0.179 nm, graphite
monochromator, goniometer with Bragg-Brentano geometry) in
the 20 range 12-75° with a step size of 0.05°. XRD patterns were
processed by PowderCell 2.4 (Kraus and Nolze, Federal Institute
for Materials Research and Testing, Berlin, Germany) and Dif-
fracPlus Topas, release 2000 (Bruker AXS, Germany). The struc-
tural models were taken from Inorganic Crystal Structure
Database, ICSD/retrieve 2.01 [10]. Both programs perform full-
profile fitting by refining lattice parameters and profile functions.
DiffracPlus Topas also provides estimates of particle sizes (mean
coherence lengths) from the diffraction line broadening. Neither
specific line broadening nor systematic deviation of certain dif-
fraction line intensities was observed, and hence the fitting did not
include microstrain or preferential orientation. Integral intensities
of selected lines were calculated by OriginPro7.0 using the
direct integration fit without any data smoothing or fitting to a
mathematical function. The comparison of integral intensities
was possible owing to the constant geometry of the diffraction
experiment and a sufficiently (“infinitesimally”) thick layer of the
samples.

Voltammetry of microparticles (VMP) was performed with
a paraffin-impregnated graphite working electrode, a Pt-plate
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counter electrode, and a saturated calomel reference electrode,
using potentiostat uAutolab (EcoChemie, the Netherlands) [12, 13].
A CH3;CO,H/CH;CO,Na buffer was used as the supporting elec-
trolyte with 0.2 M total concentration of acetate ions and pH 4.7.
To evaluate the influence of pH, 0.2 M CH3;CO,H (pH 2.4) and
buffers with a CH;CO,H/CH3;CO,Na ratio of 4:1, 1:4, and 1:9 and
pH values of 3.9, 5.3, and 5.7, respectively, were used. Cyclic vol-
tammetry with a scan rate of 3 mV/s was sufficient to convert at
least 95% of the sample deposit on the working electrode in the first
scan. Scanning was started from an open-circuit potential cathod-
ically and cycled between —0.9 and +0.8 V vs. SCE that ensured
both reduction of Mn"""Y and Cu'" in a cathodic scan and reoxi-
dation of Cu® in an anodic scan. Because the software provided
with the potentiostat cannot be used to separate the charges of
overlapping peaks, the peak-fitting module of OriginPro7.0 was
used for that purpose. The shapes of the voltammetric peaks of
irreversibly reacting powders must involve at least three parame-
ters: the rate coefficient at a given potential controlling the peak-
potential, a formal charge-transfer coefficient controlling the peak
potential and (mainly) the shape of the ascending part of the
peak, and a heterogeneity parameter controlling (mainly) the shape
of the descending part of the peak. The heterogeneity parameter
changes with the actual potential following, which complicates the
design of an optimal ‘“‘correct” peak-fitting function. An empiri-
cally chosen function that seemed to be most suitable for the
asymmetric voltammetric peaks of solid reactants from the set of
functions provided by the Origin peak-fitting module was a func-
tion denoted as “Asym2sig”:

1 CXD[ (E EP W]/Z)/W2] 1 exp[ (E EP WI/Z)/W3]

Results
Sample characterization

The ratios of the metal constituents in the series studied
are listed in Table 1. Except for the XRD-amorphous
Cu4Mn2 precursor, all other precursors had a hydro-
talcite-like structure according to XRD. Under the dy-
namic conditions of the TG measurement, the main
portion of CO, and H,O was evolved below 400 °C with
DTG maxima between 140 and 270 °C, which agrees
with the decomposition temperature of hydrotalcites of
transition metals [4, 8, 9, 14]. A minor portion of CO,
(24 wt% of the precursor weight) escaped at an
even higher temperature: 480 °C (Cud4Mn2), 560 °C
(Cu2Mg2Mn2), 540 °C (Cu4MnAl), and 600 °C
(Cu2Mg2MnAl). Similar retention of a certain fraction
of carbonates in Cu-hydrotalcite-like compounds has
been described [14], but it was not observed at calcina-
tion of Cu-free hydrotalcite-like compounds, including
the precursor Mg4Mn?2. The nature of the process is not
known.

The formal valence of Mn reached its maximal value
in calcines obtained at 300-500 °C (Table 1), while in
the precursors it was 2.0 (Cu4Mn2), 3.3 (Cu4MnAl),
and 3.2 (Cu2Mg2MnAl). Pure Mn oxides are not oxi-
dized by air to Mn'Y unless Mn'" ions are present in an
appropriate structure, such as spinel. Mg presence in the
samples obviously caused the growth of the mean Mn
valence with respect to Mg-free samples.
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Table 1 Elemental composition

of the precursors and Mn Notation Elemental composition ~ Mn formal valence
}’fgiﬁ‘ﬁl;‘n‘fjif‘:ﬁjl;fgsculated 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C
Cu4Mn2 Cu:Mn 3.25 3.25 3.37 3.33 3.25 3.08
2.02:1.00
Cu2Mg2Mn?2 Cu:Mg:Mn 3.70 3.74 3.70 3.71 3.61 3.62
1.02:0.85:1.00
Cu4MnAl Cu:Mn:Al 3.89 3.87 3.45 3.12 2.89 3.16
3.98:1.00:0.98
Cu2Mg2MnAl Cu:Mg:Mn:Al 3.95 4.02 3.72 3.63 3.60 3.71

1.96:1.84:1.00:1.03

Table 2 The results of XRD data processing of Cu4Mn2 calcines. D denotes crystallite size obtained from XRD line broadening; a is the

spinel lattice parameter. All crystalline species are included

Parameter 300 °C 400 °C 500 °C 600 °C 700 °C 800 °C
Tenorite content (%)* - 39 39 39 42 47

Tenorite integral intensity (arbitrary units)® 36 158 218 240 293 300

TenoriteD (nm) 6 20 23 36 85 78

Spinel integral intensity (arbitrary units)® 0 38 52 67 64 52

Spinela (A) - 8.281(2) 8.295(1) 8.294(2) 8.316(0) 8.320(1)
SpinelD (nm) - 10 23 60 98 44

Spinel formula - Cuy 35Mny 6304 Cuy3:Mny 5004 Cuy 37Mny 5304 Cuy24Mny 7004 Cuy 1sMn; 5504
Rwp - 23.1 21.3 21.5 27.8 27.3

“Percentage in crystalline fraction
®Sum of diffraction lines (200) and (111)
“Diffraction line (400)

Table 3 The results of XRD data processing of Cu2Mg2Mn2 calcines. Abbreviations as in Table 2. Nanocrystalline spinel and periclase
(a~4.17 A) are present in 300 °C calcine. All crystalline species are included. Approximate spinel formula is Cuy,Mg; ¢Mn; ;04

Parameter 400 °C 500 °C 600 °C 700 °C 800 °C
Murdochite content (%)* 32 7 0 0 0
Tenorite content (%)* 7 17 17 19 20
Tenorite integral intensity (arbitrary units)® 14 87 127 165 169
TenoriteD (nm) 11 15 27 55 86
Spinel integral intensity (arbitrary units)® —d 96 91 104 107
Spinela (A) 8.27(1) 8.312(2) 8.324(0) 8.317(0) 8.324(0)
SpinelD (nm) <3 7 19 64 121
Rwp - 18.4 21.3 18.5 21.5

“Percentage in crystalline fraction

®Sum of diffraction lines (200) and (111)
“Diffraction line (400)

dOverlap with the periclase diffraction

XRD phase analysis

The phase composition was evaluated by comparison of
the diffractograms with the PDF database [11] to iden-
tify the phases present, and then by full-profile analysis
using models adopted from the ICSD database [10]. The
results obtained by XRD of Al-free samples are sum-
marized in Tables 2 and 3, and Al-containing samples in
Tables 4 and 5. The crystalline components of the oxide
mixtures were tenorite (CuQO), spinel (M3_,0y), and the
cubic phase MggMnOyg, isostructural with murdochite.
The murdochite structure is derived from rock salt by
substituting 1/4 of the cations by pairs [Mn'" + cationic
vacancy]. Spinels present in the oxide mixtures were
cubic except for Cu4MnAl calcines obtained at 600, 700,
and 800 °C, where the mean Mn valence was very close

to 3. A similar tetragonal spinel with a=8.209 A and
¢=8.280 A is included in the PDF database (CuMn-
AlQy, card 43-285 [11]). We used another choice of
tetragonal cell, 141/amd; considering this formal differ-
ence the lattice parameters are, however, in reasonable
agreement. The lattice parameters of several stoichiom-
etric CuMn,Oy4 cubic spinels that can be found in the
PDF database [11] vary between 8.30 A and 8.37 A. If
the ratio of Cu and Mn is increased above 1:2, a is
around 8.30 A according to the data given in the PDF2
database. Replacing a part of Mn by Mg does not have a
great influence on the spinel lattice parameter:
CuMg sMn, 504 with a disordered cationic occupation
in octahedral sites (card 32-343 [11]) has a=8.316 A.
The lattice parameters of the spinels in calcines Cu4Mn2
and Cu2Mg2Mn2 varied in similar ranges. Because
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Table 4 The results of XRD data processing of Cu4MnAl calcines. Abbreviations as in Table 2. The 300 °C and 400 °C calcines
contained nanocrystalline periclase with (d~2.45 and 2.10 A) All crystalline species are included. Approximate spinel formula is

CugoMn; 1Al Oy

Parameter 400 °C 500 °C 600 °C 700 °C 800 °C
Tenorite content (%)* - 71 57 57 59
Tenorite integral intensity (arbitrary units)® 50 249 348 459 544
TenoriteD (nm) - 7 11 16 44
Spinel integral intensity (arbitrary units) - 7° 404 514 734
Spinela (A) - 8.214(8)° 5.857(3) 5.859(2) 5.850(1)
Spinele (A) - - 8.141(9) 8.133(5) 8.168(2)
Spmel seudocubic lattice parameter

[3]2a%c A) - - 8.218 8.217 8.221
SpmelD (nm) - 5 10 15 35
Rwp - - 15.2 16.6 18.6

“Percentage in crystalline fraction
®Sum of diffraction lines (200) and (111)
“lefractlon line (400)
dSum of diffraction lines (004) and (220)
°Fitted as a cubic spinel because of its low crystallinity

Table 5 The results of XRD data processing of Cu2Mg2MnAl calcines. Abbreviations as in Table 2. The 300, 400, and 500 °C calcines
contained only nanocrystalline periclase with d~2.45 and 2.10 A. All crystalline species are included. Approximate spinel formula is

Cug.sMg; 2Mng 7Alg 704

Parameter 600 °C 700 °C 800 °C
Tenorite content (%)* 26 31 33
Tenorite integral intensity (arbitrary units)® 114 242 387
TenoriteD (nm) 5 11 27
Spinel integral intensity (arbitrary units)® 102 156 140
Spinela (A) 8.265(3) 8.263(2) 8.245(1)
SpinelD (nm) 10 15 46

Rwp 16.1 16.4 17.3

Percentage in crystalline fraction
®Sum of diffraction lines (200) and (111)
“Diffraction line (400)

AP’" has a smaller diameter than Mn> ", spinels in Al-
containing calcines have smaller a (Table 5); in Table 4 a
pseudocubic lattice parameter ¢’ can be used for the
comparison with a of cubic spinels.

Tenorite is known to accommodate only a very small
degree of isomorphous substitution [15], with a possible
exception of few at% at very low calcination tempera-
tures (350 °C, [16]). On the other hand, spinels can
contain any elemental constituent present in the system,
with the actual stoichiometry of the cations ‘“adjusted”
by Mn valence and the possible presence of cationic
vacancies. To perform quantitative XRD analysis, the
patterns were hence processed in the following manner:
the phase composition was fitted using pure tenorite and
an initial model of spinel oxide, e.g. CuMn,Oy in the
Cud4Mn2 calcines. From the resulting percentage of
tenorite, the corresponding spinel elemental composition
was recalculated, taking into account the total elemental
composition from chemical analysis. The mean Mn
formal valence obtained by chemical analysis was always
larger than the mean valence calculated assuming M30,4
spinel stoichiometry, so the difference was corrected by
introducing a corresponding percentage of vacancies
(M3(1-)O4, 0<x<0.05) distributed uniformly in tetra-
hedral and octahedral cationic sites. The new estimate of

the spinel composition was used to improve the initial
model for the XRD fitting that yields new estimates of
the percentage of the components, and the procedure
was repeated until a satisfactory agreement was achieved
between elemental and phase composition. The occu-
pation of tetrahedral and octahedral sites in the spinel
lattice was refined to obtain the best fitting of the in-
tensities of the first two spinel diffraction lines (111) and
(220) that are most markedly dependent on the dis-
tribution of heavier and lighter metal ions in those sites.
This step of the refinement was controlled by minimizing
Rwp. The cationic distribution was refined only to ob-
tain the best estimate of the percentages of the compo-
nents and it is not reported here. The correctness of this
procedure was checked in the case of Cu4Mn2 calcines.
According to XRD fitting and the total Cu and Mn
available in the calcines, the Cu/Mn ratio in spinel grew
from 0.45/0.55 at 400 °C to 0.40/0.60 at 800 °C, with a
correspondingly increasing content of free tenorite. The
lattice parameters of the spinels agreed satisfactorily
with a=8.305 A reported for Cu;4Mn;cO4 (JCPDS
card 35-1030 [11]) and «=8.336 A reported for
Cu; ,Mn,; gO4 (JCPDS card 35-1029 [11]).

The poorly crystalline components of the calcines
obtained at 300-500°C were found directly according to
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the position of one or two wide diffraction lines (FWHM
about 3° in the 20scale). A single diffraction line at
d~2.4 A in the Cu4Mn2 calcines was attributed to a
highly disordered phase. The couple of diffraction lines
at d~2.4 and 2.1 A, also reported to occur in 500 °C
calcines of Ni,Mn [9] and Ni,Mg,Al precursors [14],
resembled the pattern of rock-salt-like periclase (MgO).
The periclase intermediate was found to be formed as a
primary dehydration/decarbonation product of Ni,Al
hydrotalcite and assumed to bound both these cations
[3], although AI" does not form thermodynamically
stable periclase structures. However, it was not possible
to use this structural model for a XRD full-profile fitting
of this species owing to the disagreement of diffraction
line intensities, and hence the quantitative analysis of
XRD patterns only counted with the well-crystalline
portion of the sample. In addition to the full-profile
fitting of the crystalline part of the samples, we calcu-
lated integral intensities of two tenorite, (200) and (111),
and one spinel, (400), diffraction lines, which were suf-
ficiently intense and did not suffer overlaps with other
crystalline or amorphous components. Both integral
intensities and the results of the full-profile XRD pattern
fitting are summarized in Tables 2, 3, 4, 5. Obviously
there was an amorphous portion present in the calcines
at least up to 700 °C in all series studied. For example, in
the Cud4Mn?2 series the tenorite to spinel ratio in the
crystalline portion was almost constant between 400 and
700 °C, but the integral diffraction intensities of the
individual crystalline components increased consider-
ably (Table 2), demonstrating the crystallization of the
amorphous XRD-invisible portion of low-temperature
calcines. The integral intensities of the crystalline phases
converged to a constant value at 700 °C in the absence
of Al, and at even higher temperatures in the presence
of AL

VMP peak identification

Voltammograms of the oxide mixtures (Figs. 1 and 2)
had three cathodic (C1 to C3) and one anodic (A) peaks.
C1 was present in samples containing spinels with Mn'Y,
especially in Cu4Mn2, but also in MgdMn2. C1 had no
anodic counterpart, i.e. the process is chemically irre-
versible. The potential of C1 was pH dependent with a
slope of about —100 mV per pH unit, and also depended
on the calcination temperature (Fig. 2). In individual
calcines at a given temperature, the peak CI is more
positive in samples with a higher Mn formal valence. C1
occurred at the potential typical for reductive dissolu-
tion of MnO, and other Mn" -containing oxides [12].
However, while MnO, is completely dissolved at the
potential of C1, peak C1 of Cu,Mn and Mg,Mn spinels
was always followed by a further cathodic peak C2,
which means that some solid-to-solid transformation
involving e~ and H" is responsible for C1 in the latter
case. Assuming the occurrence of copper in the non-
stoichiometric spinel oxide as Cu'' and manganese as
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Fig. 2 The dependence of the potentials of peaks C1 and C2 on the
calcination temperature

Mn'"" and Mn'Y, the process responsible for C1 could be
simplified by the following equation:

Cui'sMn""Mn{%O4(s) +xH" + xe™
Y H.Cull Ml MalY 4]0

14+x

(2)

where x <0.6. Square brackets stand for a hypothetical
solid intermediate, (s) for the solid state. The spinel for-
mula used in the left side of Eq. 2 was taken from Table 2.
Peak C1 is almost missing in the series Cu2Mg2MnAl,
although the formal Mn valence is almost 4 (Table 5),
perhaps because Eq. 2 is suppressed by Al substitution.
C2 was a major peak in voltammograms of amor-
phous solids in low-temperature calcines, but it was also
present in all well-crystalline mixed oxides containing
Mn"""V spinels, including the Cu-free Mg4Mn?2 series.
The potential of C2 corresponds to reductive dissolution
of Mn"" oxides [13], but reduction of Cu’" from a
solution of CuSO,; and solid malachite proceeded at
almost the same potential as C2. The potential of C2 was



almost pH independent. If the anodic scanning followed
immediately after registering the peak C2, the reoxida-
tion of Cu’ (peak A) appeared in the reverse scanning in
cyclic voltammetry. The process responsible for C2 is
hence mainly attributable to spinel dissolution via Mn""!
reduction to soluble Mn?" ions, accompanied by a
partial reduction of Cu®* (Eq. 3) and/or reduction of
free Cu®" ions solubilized from salts of Cu'' (Eq. 4):

[Ho.cCu'sMn{'{O4] (s) + 7.4H" + (1.6 + 2x)e~
— 4H,0 + (1.3 — x)Cu*" + xCu’(s) + 1.6Mn*"  (3)

(4)

From the actual value of the charges of peaks C1 and
C2, Qci1/Qcs, x in Eq. 3 could be estimated in well-
crystalline samples, because the Mn valence is known
from chemical analysis and the Cu amount in the spinel
can be calculated from the total Cu and Mn content of
the elemental analysis and the CuO content of the XRD
phase analysis. However, the Qc1/Qc» value only indi-
cated that x was between 0 and 1, within an uncertainty
of the charge measurements and voltammogram fitting.
Attempts to decrease the error of the charge evaluation
failed and the results of cathodic charge distributions
were hence evaluated only graphically.

C3 was present in all samples containing tenorite, and
also in some samples that were XRD amorphous or
nanocrystalline. The peak potential of C3 was almost
pH independent, and it was always followed by the
anodic peak A (reoxidation of Cu®). The overpotential
of C3 with respect to C2 of Cu®* was as large as 0.3 V.

Cu’"(aq) +2¢~ — Cu’(s)

Fig. 3 The distribution of
cathodic charges between the
peaks C1, C2, and C3
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The peak C3 was the only peak present in pure XRD-
crystalline tenorite. The presence of C3 hence clearly
indicated the presence of tenorite:

CuO(s) + Hy0 + 2e~ — Cu’(s) + 20H" (5)

Thermal crystallization of oxide mixtures

Because of the uncertainty of x in Egs. 3 and 4, the ratios
of the charges of peaks C1, C2, C3, and A were inter-
preted as fingerprints of the components and the phase
composition of the samples was inferred from the tem-
perature dependences of the charge ratios. Qci/Qcs is
proportional to the ratio of spinel to tenorite, while the
growth of Qc1/Qciot and Qcs/Ociot (Qctot = Qc1 + Qca +
QOc3) indicates the crystallization of spinel and tenorite
from the primary hydrotalcite decomposition products.
The crystallization course of Cu4Mn2 and Cu2Mg2Mn2
samples according to voltammetry is shown in Fig. 3,
where the contributions of C1, C2, and C3 to the total
cathodic charge Q¢ are compared at changing calci-
nation temperatures. In Fig. 4, Oc;/Qc3 dependence on
the calcination temperature is plotted against the calci-
nation temperature for the Cu4Mn2 and Cu2Mg2Mn?2
series. The difference between the two series is obvious.
CudMn2 crystallization was practically finished at
400 °C according to VMP but at 700 °C according to
XRD (Table 2, integral intensities of crystalline com-
ponents), and the ratio of spinel and tenorite was almost
constant in the temperature range 300—700 °C according
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Fig. 4 The dependence of the charge ratio Qc;/Qcs in the series
Cu4Mn?2 and Cu2Mg2Mn2

to both methods. The particle sizes obtained from XRD
line-broadening grew significantly in this temperature
range. All observations hence indicated that the amor-
phous matter had the same chemical composition as the
crystalline products, and that crystallization of the pre-
cursors at >300 °C proceeded smoothly without any
additional crystalline intermediate, with formation of
nanocrystalline products being finished at about 400 °C
according to VMP; charge distribution (Fig. 3,
Cud4Mn2) was almost constant above 400 °C.

In the Cu2Mg2Mn?2 series, tenorite and spinel for-
mation was finished at 500 °C according to VMP, and
between 300 and 500 °C the spinel to tenorite ratio in-
creased. XRD confirmed this sequence of crystallization
by both analysis of the crystalline portion and by the
thermal dependence of the integral intensities of tenorite
and spinel (Table 3). The primary crystallization of ten-
orite before spinel can be explained by two hypotheses:
either CuO nuclei had already been present in the pre-
cursor, or CuO was formed first, leaving a Cu-depleted
intermediate. The latter explanation is confirmed by the
presence of the nanocrystalline periclase intermediate
that could certainly bind the majority of Mg and possibly
also the Mn necessary to form later the spinel lattice; this
periclase intermediate was missing in Cu4Mn2. This
explanation stresses the importance of the precursor
structure for crystallization of the Cu,Mn oxides. The

periclase intermediate is formed from the brucite octa-
hedral layers of the hydrotalcite by its shrinking along the
c-axis owing to removal of the interlayer carbonates; the
shrunken octahedral layers then yield the (111) crystal
plane of periclase. This reaction mechanism is in line with
the preferential formation of the (111) crystal plane of the
periclase-derived murdochite phase NigMnOg on the
decomposition of Ni2Mn hydrotalcite [17]. The periclase
intermediate cannot be expected in the Cu4Mn2 precur-
sor, first of all because it did not have the hydrotalcite
structure, and also because no periclase-promoting metal
ions are available in the Cu4Mn2 system.

In the Al-containing series, peak C1 was suppressed,
and especially in the Cu2Mg2MnAl series it was prac-
tically absent. This fact can have two reasons: either Al
substitution in the spinel suppressed the spinel reactivity,
similar to Al or Cr substitution in Fe oxides [18], or the
spinel formation was inhibited by the Al presence. The
presence of Al in the spinel was proven by its smaller
lattice parameters (Tables 2, 3, 4, 5), owing to the
smaller ionic radius of A" with respect to Cu", Mg",
Mn", and Mn'V. In both Al-containing series calcined
up to 700 °C, C2 was the dominant cathodic peak,
indicating a major portion of amorphous intermediates,
and only at 800 °C did Qc3 > Qc» prove the dominance
of CuO over spinel. The slowed-down crystallization of
oxide mixtures by AI'" was also proven by the contin-
uous increase of the integral intensities of the CuO and
spinel XRD lines (Tables 4 and 5). XRD lines of tenorite
and spinels appeared as late as at 600 °C and further
grew at 700 and 800 °C. The presence of XRD-amor-
phous matter in Al-containing hydrotalcite calcines
surviving relatively high calcination temperatures is a
well-known phenomenon [14]. However, VMP clearly
indicated the presence of CuO in Al-containing calcines
obtained at 400 °C. Obviously, CuO formation was not
suppressed, but its mean coherence length was too small
to be detected by XRD.

Conclusion

VMP indicated the presence of the crystallization prod-
ucts tenorite and spinel in calcines obtained at tempera-
tures of 400 and 500 °C. The crystallization of mixed
oxides, which were formed during thermal treatment of a
Cu- and Mn-containing precursor according to both
VMP and XRD, can be summarized by the following
schemes of crystallization of the individual oxide services:

300 °C i MV spinel “2°C .
Cud4Mn?2 precursor — amorphous + tenorite +Mn"" spinel — tenorite

.1 500—700 °C
+ Mn'Y spinel T —

Cu2Mg2Mn?2 hydrotalcite T nanocrystalline periclase

growth of tenorite and spinel particles

(6)

.. 400°C . . 500 °C .
+ tenorite — amorphous + tenorite + Mn'Y spinel ~— tenorite

.| 600—800 °C . . .
+Mn'V spinel  — " growth of spinel and tenorite particles




In the crystallization schemes, the term amorphous
stands for XRD-amorphous components (indicated
indirectly by low integral intensities of the diffraction
lines of crystalline components); that species is respon-
sible for the voltammetric peak C2. Further growth of
calcination temperatures above 400 °C (Cu4Mn2) and
500 °C (Cu2Mg2Mn?2) only caused growth of the ten-
orite and spinel particle sizes.

In Al-containing Cu,Mn oxides, the crystallization
shifted to higher temperatures, with tenorite being
formed before spinel:

Cu4MnAl hydrotalcite

300°C . . . .
— nanocrystalline periclase + nanocrystalline tenorite

400°C . . .
— nanocrystalline periclase + tenorite

500°C . .
— amorphous + tenorite + Mn' spinel

600—800 °C . . .
—  growth of tenorite and spinel particles

(®)

Cu2Mg2MnAl hydrotalcite

300 °C . .
— mnanocrystalline periclase

400 °C,500 °C . . .
— nanocrystalline periclase + tenorite

600 °C . .
— amorphous + tenorite + spinel

700800 °C . . .
—  growth of tenorite and spinel particles

9)

The structure binding the residual carbonates in
Cu-containing samples evolved at 480-600°C remains
unclear.
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