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Abstract A new series of Cu/Zn/Mn/Fe/Al hydrotalcite-
like layered double hydroxides (LDHs) with the Cu/
(Zn + Mn)/(Fe + Al) atomic ratios of 1/1/1 in synthesis
mixture were synthesized by the coprecipitation method.
The chemical composition of multicomponent precursors
was identified by chemical analyses. The thermal stability,
structure, and texture changes of these as-synthesized LDHs
were studied by in situ high-temperature X-ray diffraction
(HT-XRD), thermogravimetric-differential thermal analy-
sis combined with mass spectrometry (TG-DTA-MS) in
different atmosphere, transmission electron microscopy
(TEM), and N, adsorption—desorption experiments. The
results exhibit that the incorporation of Fe> and Mn*" into
the lattices of Cu-containing LDHs in sequence decreases
the crystallinity, water content, and thermal stability of
corresponding compounds, and the thermal treatment of
LDHs results in the formation of thermodynamically stable
composite metal oxide associated with a small amount of
simple metal oxide and also changes in texture of calcined
solid. Under mild experimental conditions (atmospheric
pressure and 25 °C), the catalytic liquid-phase oxidation of
aqueous phenol solutions is related to the composition,
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oxidation states, composite forms and synergy of transition
metal cations in calcined LDHs, and calcined LDH with
Cu/Zn/Mn/Fe/Al atomic ratio of 1/1/0/0.3/0.7 at 500 °C
achieves the highest conversion of phenol mainly owing to
the formation of a larger amount of composite metal oxide
with some residual carbonate in the solid.

Introduction

Layered double hydroxides (LDHs), [M3* M3 (OH),]""
(A™), /nmH20, also known as hydrotalcite(HT)-like
anionic clay materials, are a family of materials consisting
of brucite-like layers [1-3]. As a result of their relative ease
of syntheses and flexibility in composition, LDHs have
received increased attention in recent years as catalyst
supports, catalyst precursors or actual catalysts [3-9].
Thermal decomposition of LDH compounds is a highly
significant process for the synthesis of catalysts, and can
be characterized by two endothermic transitions [10-12],
which depend especially on the chemical composition,
crystallinity, and the atmosphere used during decomposi-
tion. After dehydroxylation at higher temperatures, the
layered crystal structure collapses and predominantly
amorphous mixed oxides are obtained, and thus a gradual
crystallization of the divalent metal oxides M*TO fol-
lowed by a M**M3"0, spinel-like phase can usually be
observed in the powder XRD patterns. The ill-organized
mixed oxides display generally three broad diffraction
maxima corresponding to the future strongest lines of the
spinel-like phase, which have large specific surface areas,
homogeneous and thermally stable fine dispersion of M*™
and M (also known as ‘non-stoichiometric spinels’) on
atomic level, and synergetic effects between the elements
[10, 13]. The nature/structure of the solids obtained (and
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their applications) depends on the starting LDH precursors
[14]. In some cases, the transformation of primary oxides
and the formation of new oxide phases could be observed
at high temperatures [15]. However, the interpretation of
the decomposition process is often based merely on the
information obtained from ex situ XRD, thermal analysis
(TGA combined with DTA or DSC), and gas physisorp-
tion experiments [16—18]. Furthermore, most of the stud-
ies published on calcined LDHs are carried out at room
temperature, where the state of the sample may have
changed during cooling, exposure to the atmosphere and
handling.

Transition metal oxides, especially those containing
copper, have indicated good catalytic properties in cata-
lytic wet oxidation (CWO) of phenol [19-21]. At present,
there are many reports on Cu-based and Fe-based oxides
as catalysts individually or together employed in oxidation
or hydroxylation of aqueous phenol solutions [22-25].
Most notably, more and more attention is being paid to the
investigation of Mn-based oxides in the wet oxidation of
organic compounds [26]. It is due to their high total
organic carbon (TOC) removal [27, 28] and effective
suppression of Cu®" ions leaching [29, 30]. The intrinsic
properties of the resulting catalysts, like texture, thermal
stability, and catalytic properties, might be tuned through
controlling the component or composition of precursors
[31, 32]. Therefore, it is extremely necessary to study the
changes of structure and properties of Cu-containing metal
oxides with the incorporation of Fe and Mn element.
The preliminary findings about CuZnAl, CuZnFeAl, and
CuZnMnFeAl series with different Cu/Zn/Al, Cu/Zn/Fe/
Al, and Cu/Zn/Mn/Fe/Al atomic ratio have been reported
by us [19, 33-35]. In addition to the atomic ratio, the
catalytic performance of Cu-containing mixed oxide cat-
alysts obtained from LDHs also strongly depends on the
way of thermal treatment of LDH precursors [3, 36]. In
order to investigate in detail the effect of copper, iron, and
manganese on the elemental composition, thermal stabil-
ity, nature of the crystalline phases formed during the
thermal decomposition of LDH precursors and texture of
the samples calcined at different temperatures, we choose
three optimal LDHs with Cu/Zn/Al atomic ratio of 1/1/1,
Cu/Zn/Fe/Al atomic ratio of 1/1/0.3/0.7 and Cu/Zn/Mn/Fe/
Al atomic ratio of 1/0.7/0.3/0.3/0.7 in synthesis mixture as
the object of study of this article. Simultaneously, the
catalytic properties of the calcined samples were evaluated
by oxidation of aqueous phenol solutions using hydrogen
peroxide and were related to the composition and struc-
ture of catalysts. To the best of our knowledge, there are
no other authors’ reports about Cu/Zn/Fe/Al or Cu/Zn/Mn/
Fe/Al containing multicomponent mixed metal oxides
obtained from LDHs for oxidation of aqueous phenol
solutions until recently.
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Experimental
Preparation of samples

Cu-LDHs carbonate with the Cu**/(Zn*" + Mn>")/
(Fe*™ + AIP™) molar ratio of 1/1/1 in the synthesis mixture
were prepared by a titration coprecipitation method [19,
33-35]. A mixture inorganic anion solution of NaOH
and Na,CO; ([CO;°7] = 2[M>"], [OH™] = 2(2[M*"] +
3[M3+])) was added dropwise to a metal salts solution of
Cu’™, Zn”, Mn2+, Fe”, and AP (total cation concentra-
tion of 1.2 mol/L) depending upon the Cu/Zn/Mn/Fe/Al
atomic ratio with vigorous stirring until the solution pH value
up to 10.0. The slurry thus obtained was aged at 60 °C for
10 h under stirring, then filtered and washed with deionized
water until the pH of the filtrate was around 7 (aim at elim-
inate the alkali metal and the nitrate ions). For the Mn-con-
taining sample, these processes were manipulated under
nitrogen atmosphere, even the deionized water was also
treated by nitrogen. The filter cake was dried at 60 °C in an
air oven overnight. The corresponding samples were cal-
cined at 300, 400, 440, 500, 600, and 700 °C for 3 h. For the
purpose of convenience, the LDH precursors with Cu/Zn/
Mn/Fe/Al atomic ratios of 1/1/0/0/1, 1/1/0/0.3/0.7, and
1/0.7/0.3/0.3/0.7 in the synthesis mixture were denoted as
Cu-LDH1, Cu-LDH2, and Cu-LDH3, respectively.

Characterization

X-ray power diffraction (XRD) patterns were obtained with
a Shimadzu XRD-6000 X-ray diffractometer by 40 kV,
30 mA, Ni-filtered Cu Ko radiation (4 = 1.5406 10%) with a
scan speed of 20 = 5°/min. Structural evolutions during
thermal treatment under air were carried out by in situ high
temperature powder X-ray diffraction (HT-XRD) attach-
ment in the temperature range 30-800 °C.

Elemental analysis was performed by an inductively
coupled plasma emission spectrometer (ICP-ES) of Shima-
dzu ICPS-7500 model. Samples were dried at 100 °C for
24 h prior to analysis, and solutions were prepared by dis-
solving the samples in dilute hydrochloric acid (1:1). C, H,
and N microanalysis was obtained on an elemental analyzer
(EA) of Elementar Analysensysteme GmbH Vario El model.

Thermogravimetric and differential thermal analysis
(TG-DTA) were carried out using a Seiko 6300 TG/DTA/
DSC synchronization thermal analyses apparatus at a
heating rate of 10 °C/min in both a synthetic dry air stream
(78% Nj, 22% O,-flux of 180 mL/min) and nitrogen
(200 mL/min). Simultaneous analysis of the evolved gases
was continuously monitored with a quadrupole mass
spectrometer ThermoStar' ™ QMS 200 connected on-line
to the microbalance by a quartz capillary transfer line at
190 °C to prevent the condensation of evolved gases.
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The specific surface area determination and pore volume
analysis were performed by BET and BJH methods using a
Quantachrome Autosorb-1C-VP Analyzer. Prior to the
measurements, samples were degassed at 200 °C for 2 h.

Transmission Electron Microscopy (TEM) studies were
performed using a Hitachi H-800 model machine for high-
resolution observation. The accelerating voltage applied
was 100 kV. Specimens for TEM were prepared by stan-
dard techniques.

Catalytic reactions

The catalytic oxidation process was carried out in a
250 mL three-neck glass flask. Hydrogen peroxide solution
(30% wi/v, 1 mL) was added to an aqueous phenol solution
(100 mg/L, 100 mL) containing 0.2 g of catalyst. The
mixture was kept at room temperature for 60 min. The
phenol conversion and product distribution were deter-
mined by HPLC. Aliquots of 5 pL. were injected into a
reverse-phase C-18 column, with a mixture of 30% meth-
anol and 70% of redistilled water as a mobile phase at a
total flow rate of 0.8 mL/min. The absorbance at 280 nm
was used to measure the concentration of phenol.

Results and discussion
In situ HT-XRD study

The determination of crystalline phases formed during
calcination at various temperatures is useful to understand
the thermal stability of the compounds. In situ HT-XRD
patterns of Cu-LDHs in the temperature range 30-800 °C
are shown in Fig. 1. Obtained results at room temperature
reveal that as-prepared samples have a hexagonal structure
with peaks characteristic of hydrotalcite(HT)-like materials
[3], exhibiting sharp and symmetric Bragg reflections of the
basal (003), (006), and (009) planes, and broad and asym-
metric reflections for the non-basal (012), (015), and (018)
planes. The (009) and (012) reflections overlap results in the
broad signal between 32° and 38° at 20 angles. Furthermore,
the two reflections of (110) and (113) can be clearly dis-
tinguished around 60° at 260 angles. The comparison of
XRD peak’s intensities of three LDHs samples shows that
the crystallinity decreases in these LDH precursors from
samples Cu-LDH1 to Cu-LDH2 and to Cu-LDH3. It is
likely because of the decreasing stacking of the layers
with the incorporation of more and more metal ions. It
should be emphasized that the colors, influenced by struc-
ture characteristics and transition metal ions, for Cu-LDH]1,
Cu-LDH2, and Cu-LDH3 are light blue, brown beige, and
sepia brown, respectively.

Table 1 summarizes the analytical and structural data of
three precursors. For every sample, LDH phase is the
single crystalline phase detected by XRD. The theoretical
formulas of all the samples are also given in Table 1 on the
basis of the results of chemical analyses, water content
estimated from the mass losses in the first step of TG
curves recorded in nitrogen (see below) and the rule of
charge balance. The final M>™/M>" ratios in the synthesis
LDHs are significantly higher than those (=2) in the initial
synthesis mixtures. The result should be mainly attributed
to the depletion of amphoteric aluminum hydroxide pre-
cipitate by re-dissolving at the high pH (=10.0) of the
medium. The decrease of the final M*"/M>" ratios with
the increase of metal species in samples declares that the
increase of positive charge density in the layers. It is just
this reason makes the M>*—M>"—0 octahedron shrunken
and results in the reduction of lattice parameter a [1-3]. It
is clear that the results of EA as well as the values of basal
spacing (doo3) together prove that the planar CO32_ is the
only guest anion in the interlayer. Under the same
arrangement of CO;>~ in the interlayer galleries and min-
imum molecular formulas, the decrease of interlayer water
content with the increase of metal species in samples can
be predicated from the increasing interlayer CO5>~ with
the decrease of lattice parameter c.

Thermal treatment of the samples has resulted in the
changes of their chemical composition, phase content, and
color. It should be noted that in the patterns at 100 °C, the
intensity of the (003) and (006) peaks becomes weak. The
resolution of the doublet close to 60° at 20 angles is also
worse, and the (113) reflection vanishes at 120 °C, while the
intensity of the (110) reflection diminishes significantly,
becoming broader. In the pattern at 180 °C for Cu-LDHI,
160 °C for Cu-LDH2, and 140 °C for Cu-LDH3, only the
(003) reflection of the LDH phase is visible with reduced
intensity. This suggests the formation and growth of some
amorphous phases in the process of the decomposition of
layered structure. Meanwhile, the (003) diffraction peak of
the samples moves to higher 20 angle with increasing
temperature and the value of dyg3 decreases in one step as
shown in Fig. 2. According to the literature [37] and the
TG-DTG-MS results discussed below, the phenomenon can
be attributed to the gradual removal of physically adsorbed
water and interlayer water from the LDH materials, which
causes a slight decrease in the interlayer spacing. Anyway,
it can be concluded that the samples partially retain a lay-
ered structure at these temperatures, with similar metal—
metal distances in the layers as in the precursors [38].
However, the disappearance of (006) and (009) planes
indicates that some stacking disorder is involved in the
stacking sequence, as previously stated by other authors
[39, 40]. The loss of the interlayer water destabilizes the
structure of LDHs. And the layered structure completely
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Fig. 1 The HT-XRD patterns for the thermal decomposition of a Cu-LDHI1, b Cu-LDH2, and ¢ Cu-LDH3

Table 1 Analytical and structural data for as-synthesized samples

Sample Theoretical formula for LDH* M**/M3*F ratio®  XRD phase®  dygs A A A
Cu-LDHI1 CU()_357Zn0_357A10_28(,(OH)2(CO3)0_ 143" 1.1 0H20 2.50 LDH 7.58 3.07 22.75
Cu-LDH2 CU0_35|ZI’10_35| Fe()()gsAl()|9‘;(OH)2(C03)0144097H20 2.48 LDH 7.50 3.07 22.49
Cu-LDH3 CU0.35()ZI]0.252MI10' 101 FCU'094A10.203 (OH)z(COg)O 1 49'0. 89H20 2.36 LDH 7.46 3.06 22.40

* Chemical analyses results obtained from ICP-ES and EA

® LDH = layered double hydroxide
¢ Lattice parameter a (= 2d; o)
9 Lattice parameter ¢ (= dooz + 2dgos + 3dogo)

collapses at a temperature of 200 °C for sample Cu-LDH]1,
180 °C for Cu-LDH?2, and 160 °C for Cu-LDH3, due to the
release of structural water and CO, from the interlayer. The
process of thermal treatment is useful for inducing crystal
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growth in amorphous phases and formation of composite
metal oxides (poorly crystallized spinel-like mixed oxide)
containing corresponding transition metal ions, as indicated
by sharpening of the XRD lines. Obviously, the phase
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Fig. 2 Variation of the dyg; basal spacing of the samples as a
function of calcinations temperature

transition temperature from LDHs to oxide-type and/or
spinel-type containing the different transition metal ions
always decreases in the order Cu-LDHI1, Cu-LDH2, and
Cu-LDH3. The introduction of transition metal in the LDHs
influenced strongly the phase composition of the calcined
samples and the thermal stability of LDHs precursors. With
further increase in the calcination temperature from 650 to
800 °C, the spinel-like phase is still the only detectable
phase in the Mn-doped sample. However, some simple
oxide phases, such as CuO and ZnO, can be identified
together with the composite metal oxide phase in calcined
Cu-LDHI1 and calcined Cu-LDH2. All these results arise
from the increasing metal-oxygen bond (M-O) strength
from Cu-O to Fe-O and to Mn-O (Cu-O approximately
255 kJ/mol, Fe-O approximately 398 kJ/mol, and Mn-O
approximately 402 kJ/mol [41]). On the other hand, the
heats of formation of a mole of the composite metal oxide
MHO'A1203, Ml’lO'Ml’l2O3, MHO'F6203, ZHO'F6203, CuO-
Fe,03, and the simple metal oxide Mn,03, Fe,03, MnO,,
Zn0,, CuO are —2104.55, —1386.58, —1226.33, —1178.63,
—-967.97, —956.88, —825.50, —520.07, —348.11, and
—155.85 kJ/mol, respectively [42, 43]. The decreased ten-
dency implies that the formation of the stable composite
metal oxides is preferred compared with the simple metal
oxides in the calcined solids and the Mn is the first element
that can be transformed into oxides, after that, Fe and Zn are
utilized. The above analysis also explains why the thermal
stability of precursors decreases in accordance with the
order of Cu-LDHI, Cu-LDH2, and Cu-LDH3. Certainly,
the composition of the composite metal oxide is not only
binary. Cu and residual Zn and Al elements also can be
incorporated into the composite metal oxides with indefinite
composition and atomic ratio. In any case, the CuO and
ZnO are the possible simple metal oxide phases due to the

low heat of formation and high atomic ratio in precursors
(see Table 1). Combined with TEM images in the temper-
ature range 400-500 °C, we find that there exist the simple
metal oxides in solids. These simple metal oxide phases are
highly dispersed on the surface of the composite metal
oxides so they cannot be detected by XRD. In general, it is
beneficial to the growth of oxide crystal by enhancing the
calcination temperature. Indeed, a visible growth tendency
of the composite metal oxide crystals can be deduced from
the decreased peak half-width for every sample calcined
from ca. 500 to 800 °C (see in Fig. 1). The same tendency
can be found for the simple metal oxides in calcined
Cu-LDH1 and Cu-LDH2. While, it is difficult to distinguish
between the simple metal oxides and spinel phases in cal-
cined Cu-LDH3 from XRD pattern at high temperature.
This presumably due to the formation of a solid-solution
contained with ZnO and CuO in calcined Cu-LDH3. Just as
Predicted, the colors of all samples become more and more
dark with rising temperature, and almost black after calci-
nation above 600 °C. The color change also demonstrates
that the structural transformations occur on heating.

TG/DTA-MS study

Decomposition of Cu/Zn/Mn/Fe/Al-LDH samples under a
synthetic dry air atmosphere is followed by thermogravi-
metry from 30 to 800 °C. The nature of the gases released
during the thermal treatment was monitored by mass
spectrometry (MS). Plots of the mass loss and differential
mass loss as a function of temperature are given in Fig. 3,
as well as the MS data.

According to the results of TG-DTG-MS and the reports
about the thermal decomposition of LDHs [1, 44-46], the
mass losses can be divided into three stages for every
sample, commonly involving the rapid removal of the
interlayer and weakly adsorbed water in the low-tempera-
ture range (ca. 30-200 °C) followed by the slow dehydr-
oxylation of the brucite-like layers and the partial
decarbonation up to 500 °C. While the release of residual
large amount of anions (CO5*7) and small amount of
hydroxyl groups is mainly in the range of 500-780 °C. It is
necessary to emphasize that NO, and CO, are released at
the same temperature, but the signal intensity of CO, is
very stronger than that of NO, irrespective of the incor-
poration of Fe*™ and even Mn>" ion. Taking into account
of the results of XRD and EA, the appearance of nitrogen
oxides in the evolved gases during thermal decomposition
should be attributed to the oxidation of nitrogen from air.

It can be seen that the DTG peaks center are all shifted
to lower temperature from sample Cu-LDHI1 to Cu-LDH2
and to Cu-LDH3 in Fig. 3 which indicating the thermal
stability of their layer structure is decreased with AI>™ and
Zn** ion being partially substituted by Fe® and Mn>" ion,
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Fig. 3 The TG-DTG-MS for a Cu-LDHI; b Cu-LDH2; and
¢ Cu-LDH3 recorded in synthetic air

respectively. As a result, the removal of interlayer water,

dehydroxylation of the lattice, and decomposition of the
interlayer CO5>~ anions are apparently more facile for
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sample Cu-LDH3, as these events occur at lower temper-
atures than those observed for other two samples. This is
also indicative of a decrease in the strength of hydrogen
bonds between water molecules and interlayer anions, and
thus a reduced electrostatic interaction between the layers
and the anions, which facilitates the process for mass loss,
thus the structural transformation [47]. It also can be
explained by the differences in bond energy for Cu-O,
Fe-O, and Mn-O. The metal ion with high M-O bond
energy and lying in octahedral center can greatly
strengthen polarity of intralayer OH™ linked to it and
reduce H-bond attractive force between the layers and the
interlayer anions and water molecules, and even weaken
the thermal stability of intralayer OH ™, thus resulting in the
decreasing thermal stability of layer structure going from
sample Cu-LDHI1 to Cu-LDH?2 and to Cu-LDH3. Besides,
the octahedral crystal field stabilization energy (CFSE) of
metal ions also affects the thermal decomposition of LDHs
[48, 49]. Tt is well known that the octahedral CFSE of high
spin d° configuration of Fe*™ and Mn?" ion is equal to
zero. Compared to the Jahn—Teller Cu’" ion (CFSE # 0),
the incorporation of these ions into the layer will facilitate
the deformations of the O-M-O bond angles and lead
to the facile thermal decomposition of the LDHs. Further,
as discussed in HT-XRD section, the heat of formation of a
mole of Mn-containing metal oxide is the highest followed
by Fe-, Zn-, and Cu-containing metal oxide. The higher the
heat of formation of a mole of metal oxide, the more stable
the formed metal oxide. It also predicts that the thermal
stability of precursors decreases following the order:
Cu-LDHI1 > Fe-containing Cu-LDH2 > Fe- and Mn-con-
taining Cu-LDH3. The thermal decomposition behaviors of
these samples in nitrogen shown in Fig. 4 are similar to
those in synthetic air.

The in situ HT-XRD experiments provide information
about the structural changes during thermal treatment under
a synthetic dry airflow. Taking example for the structural
evolution of sample Cu-LDHI calcined at 160 °C reported
in Fig. 1a, the results from the in situ XRD experiments are
in agreement with the TG/DTG-MS profiles of the samples
calcined at 160 °C, showing a maximum in the mass loss
rate between 30 and 200 °C, which appears well correlated
with the progressive decomposition of samples.

Figure 5 shows the DTA patterns for the Cu/Zn/Mn/Fe/
Al-LDHs recorded in synthetic air and in nitrogen. The
peak positions and shapes of the DTA curves are almost
identical to those of the DTG curves up to ca. 300 °C. It
implies that the mass loss processes reflected in TG (DTG)
are associated with endothermic transformations observed
in DTA. It is important to find out some minor differences
in these profiles. The first DTA peak, due to dehydration, is
nearly similar in all cases, while the second effect is much
weaker when the analysis is performed in synthetic air and
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shows a rather expected intensity when recorded in nitro-
gen. This behavior is undoubtedly related to the presence
of transition metal ions with various oxidation states and
composite forms [19, 33, 50-53]. During calcinations in
air, the transition metal ions in precursors are more easily

100

AN, — Cu-LDH1

80 +

60 +

AT[a.u]

40 +

20 +

o4+
0 100 200 300 400 500 BOOD 700 80O

Temperature []

Fig. 5 The DTA curves for the Cu/Zn/Mn/Fe/Al-LDHs samples
recorded in nitrogen and synthetic air

transformed into high valence and thermodynamically
stable oxides which accompanying heat release. It means
the heat of reaction in air is higher than that in nitrogen.
The exothermic process presumably takes place in the
same temperature range as the endothermic removal of
hydroxide and carbonate and the endothermic effect in air
can obtain more thermal compensation from the exother-
mic effect than that in nitrogen [54]. Note that there is no
any thermal effect signal for DTA curves above ca. 300 °C
coupled with mass losses recorded above this temperature.
It suggests that the endothermic effect of decarbonation is
completely offset by the exothermic effect of structural
rearrangement due to their opposite signs in the high
temperature [44, 55]. Moreover, the temperature recorded
in the DTA analysis is lower when the analysis is per-
formed in synthetic air than that in nitrogen. It is just due to
the calcinations of the Cu-LDHs in air more easily lead to
the formation of metal oxides than that in nitrogen, which
result in the low stability of sample in air.

The mass losses for samples are included in Table 2. In all
cases, every stage mass losses are calculated, the inflexion
points of which coincide with the DTG curve and the line of
ion current for H,O™. As the first mass loss is attributed to the
removal of the interlayer and weakly adsorbed water [56],
their determination can be straightforwardly carried out and
the values are listed in the first column of Table 2. The water
content decreases from Cu-LDHI to Cu-LDH2 and to
Cu-LDH2 irrespective of atmosphere. The change confirms
the prediction from lattice parameter c. It is more likely
ascribed to the increasing binding energy of hydrated cation
in accordance with the order of 326.74 kcal/mol for Mn*"
ion, 352.74 kcal/mol for Zn>" ion, 697.09 kcal/mol for Fe**
jon, and 730.47 kcal/mol for AT ion [57]. The higher
binding energy of hydrated cation, the more easily to
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Table 2 Data of the thermo-gravimetric analysis of the samples in
synthetic air and in N,

Sample Weight loss stage (wt%)

1 11 111 Total loss

Air N, Air N, Air N, Air N,

Cu-LDHI1 18 17 11 12 6 6 35 35
Cu-LDH2 16 15 11 13 5 - 32 -
Cu-LDH3 12 14 9 15 4 3 25 32

combine the water molecule with metal cation. The mass
loss difference for Cu-LDH3 in air and nitrogen may be
arising from the facile oxidation of Mn®" ion in air. In the
middle stage, the mass losses of Cu-LDHI are still nearly
identical in the different atmosphere. However, the mass
losses of Cu-LDH2 and Cu-LDH3 in air are lower than that
in nitrogen and the difference is enlarged for Cu-LDH3. The
reason is that the increasing mass due to the facile oxidation
of Fe** and Mn?" ions in air can partially offset the mass
loss in the thermal treatment process of Cu-LDH2 and
Cu-LDH3. In nitrogen, an increase mass loss in the second
stage and a decrease mass loss in the third stage can be
observed in accordance with the order of Cu-LDHI,
Cu-LDH2, and Cu-LDH3. At the same time, the MS peak
area ratio for CO,™" in the second stage to that in the third
stage for Cu-LDH3 is the highest followed by Cu-LDH2
and Cu-LDHI (see Figs. 3, 4). These results further imply
that the introduction of Fe** and Mn>* ion makes the
elimination of the interlayer CO5>~ easier and the thermal
stability of the LDHs structure weaker. It is just the slight
decrease of water content and increase of oxidation states of
Fe and Mn element [19, 42-46] taking place in air, lead to
the decrease of the total mass loss in air with the intro-
duction of Fe** and Mn*" ion. The above results coincide
with the DTG and DTA results. In order to trace changes
taking place during calcination in air, we have recorded
TEM, BET, and catalytic activity tests at selected temper-
atures corresponding to points at in situ HT-XRD and
TG-DTG-MS profiles above 300 °C in air and correspond-
ing results and discussion are reported in what follows.

TEM imaging analysis

The changes of the samples texture depending on the cal-
cination temperature also can be seen in the TEM images
in Fig. 6. Except that the in situ XRD pattern of the dried
Cu/Zn/Mn/Fe/Al-LDHs samples exhibited HT-like type
diffraction lines, the thin platy crystals characteristic for
LDHs compounds also can be distinguished in the TEM
images. These crystals were destroyed during thermal
treatment at high temperature. Judging from the morphol-
ogy in TEM and structure analysis in XRD, the composite

@ Springer

Fig. 6 TEM images of a Cu-LDHI1; b Cu-LDH2; and ¢ Cu-LDH3
calcined at different temperature

metal oxide phase coexists with the simple metal oxide
phase in calcined solids and the more part is the composite
metal oxide phase. Obviously, the morphology of the
composite metal oxide in calcined Cu-LDH3 is signifi-
cantly different from the hexagonal platelet nature of
the composite metal oxide in calcined Cu-LDHI1 and
Cu-LDH2 in the TEM micrographs [19]. The difference is
related to the partial substitution of Zn*" ion by Mn*" ion
in precursor which leads to the different structure charac-
teristics of composite metal oxide phase. The sizes of
Cu-LDH1 and Cu-LDH2 calcined at 400, 440, and 500 °C
are nearly similar and larger than that of the corresponding
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samples dried at 60 °C. However, the average grain size of
calcined Cu-LDH3 is obvious smaller than that of its pre-
cursor and other samples at the same temperature, which is
responsible for its high specific surface area compared with
calcined Cu-LDH1 and Cu-LDH2.

Textural properties

The specific surface areas (SSAs) of the samples calcined
at different temperatures (400-700°C) in air, as well as
their pore volumes, have been measured from the corre-
sponding nitrogen adsorption—desorption isotherms at
—196 °C. The changes in these variables with the calci-
nations temperature have been listed in Table 3. It can be
seen that there is no obvious variation for the SSAs of
calcined sample Cu-LDHI in the region 400-700 °C.
Among them, the maximum change range is 7 m*/g. Below
500 °C, the SSAs for calcined sample Cu-LDH?2 are higher
than that of the sample Cu-LDHI and the change range is
less than 4 m2/g. After calcination at 600 °C, the SSA for
calcined sample Cu-LDH?2 is reduced nearly one half and
even the value is reduced to 23 m?/g at 700 °C. Similarly,
the high SSAs of 107, 90, and 245 m*g for sample
Cu-LDH3 calcined at 400, 440, and 500 °C, respectively,
can be suddenly dropped to 57 m*/g at 600 °C and even
33 m*/g at 700 °C. Another significant difference from
other two samples is the obvious fluctuation of the SSA
below 500 °C. In any cases, the variation in total pore
volume is nearly parallel to that in SSA. Usually, the
removal of H,O and CO, from the interlayer can form
craters on the surface [58, 59] and improve the pore vol-
ume and surface area. Below 500 °C, the fluctuation of the
SSA and total pore volume implies that the structural
transformation also can influence the textural properties.

Above 600 °C, the sharp decrease of the SSA and the total
pore volume for calcined Cu-LDH2 and Cu-LDH3 is
related to the sintering and the formation of spinel-like
phases. The estimation is on the basis of previous results,
especially in situ HT-XRD patterns. As shown in Fig. 1,
the diffraction peaks for Cu-LDH2 and Cu-LDH3 calcined
at 600 and 700 °C become narrow which suggestive of
increased crystallinity and crystallite size. For Cu-LDH1
calcined at 600 and 700 °C, it is just the small simple metal
oxides coupled with spinel-like phases keep the nearly
invariable SSAs. Compared with each other, we can find
that the introduction of Fe*™ and Mn®" ions into brucite-
like sheets of samples Cu-LDHI1 results in a sharp increase
of its surface area observed after calcinations at 500 °C
from 44 to 76 and to 245 m?/g, depending on the different
structure nature resulting from the cooperative effect
between the different metallic elements.

Catalytic activity

Oxidation of phenol was carried out on these Cu/Zn/Mn/
Fe/Al-LDHs samples calcined at different temperatures for
3 h, and the results are summarized in the last column of
Table 3. It can be seen that there is a maximal value for the
observed activity exhibited by each sample calcined at
intermediate temperature, such as 500 °C for Cu-LDHI
and Cu-LDH2 or 440 °C for Cu-LDH3. According to our
previous studies [19, 34, 35], the high conversion is cor-
related to the formation of a great amount of composite
metal oxide with indefinite composition in the solid. The in
situ HT-XRD and TG/DTA-MS studies further declare that
there is some residual carbonate on the surface of com-
posite metal oxide in fact. After the maximal value, the loss
in conversion for the calcined catalysts can be primarily

Table 3 Total pore volume and

surface area of N, adsorption Sample Temperature (°C) SSA (mZ/g) Total pore volume (cc/g) Phenol conversion (%)
and phenol conversion for Cu-LDHI 400 47 0.83 54
calcined Cu/Zn/Mn/Fe/
AL-LDHs at different 440 Sl 0.59 66
temperature 500 44 0.34 73
600 50 0.51 71
700 48 0.40 70
Cu-LDH2 400 78 0.69 66
440 74 0.66 51
500 76 0.62 100
600 37 0.62 52
700 23 0.34 70
Cu-LDH3 400 107 0.67 13
440 90 0.62 21
500 245 1.25 15
600 57 0.52 9
700 33 0.38 7
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due to the growth of spinel-like phase coupled with the
removal of residual carbonate. This suggests that the acidic
surface of the solid offered by residual carbonate may be
another reason for increasing the phenol conversion by
obtaining intermediate compound [60]. Compared with the
conversions of phenol on samples calcined at 500 °C, it can
be observed that the highest conversion is 100% for
Cu-LDH2, followed by 73% for Cu-LDHI1 and 15% for
Cu-LDH3 after reaction period of one hour. The significant
difference may be related to the different synergy among
transition metal ions. We should be cautious in dealing
with the detrimental effect on the catalytic activity of the
introduction of Mn element. This also arouses the interest
of our further studies on them. At least the introduction of
Mn element may improve the stability of catalyst [29, 30].
In addition, it is also quite promising to find out the basic
reason for the increasing catalytic activity of Cu-LDH2 and
the decreasing catalytic activity of Cu-LDH3 calcined
at 500 °C by further comparison of their structure and
performance.

Conclusions

Three carbonate layered double hydroxides (LDHs) with
different initial Cu/Zn/Mn/Fe/Al atomic ratios of 1/1/0/0/1,
1/1/0/0.3/0.7, and 1/0.7/0.3/0.3/0.7 can be obtained by the
coprecipitation method. This is the first description in the
literature of thermal evolution of LDHs materials con-
taining simultaneously Cu?t, Zn*t, Mn”, Fe*, and AT,
Thermal stability of the lamellar structure of Cu-based
LDHs decrease with AI*™ and Zn*" ion being partially,
respectively, substituted by Fe*" and Mn?* ion and the
thermal decomposition of precursor in air is more facile
than in nitrogen. On the one hand, the high M—O bond
energy of Fe—O and Mn-O and the low octahedral crystal
field stabilization energy (CFSE) of Fe** and Mn*" ion can
lead to the facile thermal decomposition of precursor. On
the other hand, the high formation heat of Fe- and Mn-
containing metal oxide impels the formation of thermo-
dynamically stable composite metal oxide phases even at
low temperatures. Thermal analysis of these samples also
showed a significant thermal effect variation depending on
the nature of the atmosphere, especially at higher temper-
atures, owing to the exothermic effect during the formation
of composite metal oxides with various oxidation states
and composite forms of transition metal ions and the
structural rearrangement. Both the phase structures and
composition of calcined LDHs influence textural properties
and the catalytic liquid-phase oxidation of aqueous phenol
solutions. The highest activity is 100% for LDH calcined at
500 °C with Cu/Zn/Mn/Fe/Al atomic ratios of 1/1/0/0.3/
0.7, which is mainly related to the formation of a larger

@ Springer

amount of composite metal oxide with some residual car-
bonate in the solid. It is necessary to further study the three
catalysts in the phenol oxidation with hydrogen peroxide.
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