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Abstract In this article, a series of Cu-containing mixed
metal oxides were obtained by calcination of layered
double hydroxides (LDHs) precursors with Cu/Zn/Al
atomic ratios ranging from 1:3:1 to 3:1:1 in synthesis
mixture at 773 K. The materials were characterized by
means of powder X-ray diffraction (XRD), Fourier trans-
form infrared (FT-IR), nitrogen sorption experiments, and
X-ray photoelectron spectroscopy (XPS). The results
indicate that Cu/Zn/Al cationic ratios in precursors could
control the compositions of surface species on the resultant
calcined LDHs. Furthermore, The catalytic activities of
phenol oxidation in aqueous solutions by hydrogen per-
oxide over the calcined LDHs as catalysts were also tested.
It is found that the high catalytic activity is relative to the
high amount and dispersion of composite metal oxides
containing active Cu”* reaction centers on the surface of
calcined samples, and the lattice oxygen species on the
surface are beneficial to the deep oxidation of phenol.
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Introduction

Layered double hydroxides (LDHs), [M7*,M3*(OH),]**
(A")y-mH50, also known as hydrotalcite(HT)-like anio-
nic clay materials, are a family of materials consisting of
brucite-like layers, where a fraction of the divalent cations
is replaced by trivalent cations. The positively charged
layers are separated by the charge-balancing anions and
some water molecules [1]. In past two decades, the flexi-
bility in composition of LDHs has led to an increase in
interest in these materials. As a result of their relative ease
of syntheses, LDHs represent an inexpensive, versatile, and
potentially recyclable source of a variety of catalyst sup-
ports [2, 3], catalyst precursors [4-6] or actual catalysts
[7, 8]. In particular, mixed metal oxides obtained by con-
trolled thermal decomposition of LDHs have large specific
surface areas (100-300 m?/g), basic properties, homoge-
neous and thermally stable fine dispersion of M** and M**
(also known as ‘non-stoichiometric spinels’) at an atomic
level, and synergetic effects between the elements [9, 10].
Furthermore, the intrinsic properties of the resulting cata-
lysts, like texture, acido-basicity, thermal stability, and
catalytic properties depend on the starting LDH precursors
[11] and might be tuned through controlling the cationic
composition of LDH precursors [12, 13].

Using as catalysts, LDHs and their derived materials have
been widely applied in the synthesis of chemicals (including
intermediates), environmental catalysis, energy exploitation
(such as hydrogen production), and carbon nanomaterials
preparation etc. Thereinto, industrial wastewater more and
more represents an important class of environment pollutants
that have been considered in the world. There have been
many solutions for the treatment of various wastewaters;
however, catalytic wet oxidation (CWO, i.e., catalytic oxi-
dation of organic compounds by air, oxygen, hydrogen
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peroxide or ozone) has been playing an important role.
Transition metal oxides, especially those containing copper,
have indicated good catalytic properties in CWO for phenol
[14, 15]. In this article, we focus on a detailed study of a
series of Cu-containing mixed metal oxides catalysts, which
are prepared by calcination of layered double hydroxides
precursors with Cu/Zn/Al atomic ratios ranging from 1:3:1 to
3:1:1 in synthesis mixture at 773 K. It shows that the struc-
ture, composition, and catalytic oxidation activity for
aqueous phenol solutions by hydrogen peroxide of calcined
LDHs could be controlled by turning cationic Cu/Zn/Al
ratios in precursors.

Experimental
Sample preparation

A solution of NaOH and Na,CO; ([CO3] = 2[M>*],
[OH] = 2{2[M**] + 3[M>"]}) was added dropwise with
vigorous stirring to 100 ml of an aqueous solution of Cu**,
Zn**, and AI** nitrates (total cation concentration of
1.2 M) with Cu/Zn/Al atomic ratios from 1:3:1 to 3:1:1.
The addition was monitored by a pH regulator via a pH
electrode immersed in the reagent solution and ended at a
desired value of pH in the reaction mixture. The resulting
precipitate was aged for a fixed period of time at 333 K
with stirring, and then recovered by four dispersion and
centrifugation cycles in deionized water, and the resulting
gelatinous precipitate was finally dried at 333 K overnight.
As-synthesized samples were denoted LDH-M/N (M/N
means the Cu/Zn atomic ratio in synthesis mixture), and
corresponding calcined samples at 773 K for 3 h were
denoted CLDH-M/N.

Characterization

Powder X-ray diffraction (XRD) patterns of the samples
were recorded using a Shimadzu XRD-6000 diffractometer
under the following conditions: 40 kV, 30 mA, Cu Ku«
radiation. The samples, as unoriented powders, were step-
scanned in steps of 0.04° (26) in the range from 3° to 70°
using a count time of 10 s/step.

Fourier transform infrared spectra (FT-IR) were
obtained in the range 4,000-400 cm™" using the KBr pellet
technique on a Bruker Vector-22 Fourier transform
spectrometer.

Elemental analysis was performed on a Shimadzu ICPS-
7500 model inductively coupled plasma emission spec-
trometer (ICP-ES). Samples were dried at 373 K for 24 h
prior to analysis, and solutions were prepared by dissolving
the samples in dilute hydrochloric acid (1:1).
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Surface areas of samples were determined from N,
adsorption—desorption measurements in a Sorptomatic1990
automatic gas adsorption instrument using the BET equa-
tion for surface area. Prior to the measurement, the samples
were outgassed at 473 K under vacuum for 2 h.

The XPS results were carried out with a V.G. Scientific
ESCALAB Mark II system. A Mg Ko (hv = 1,253.6 eV)
was used as X-ray source. The base pressure in the appa-
ratus was about 2 X 107° Pa during analysis. Due to the
rather high conductivity of the samples, the spectra were
recorded at room temperature without further sample
treatment and in about 20 min to avoid X-ray induced
reduction of the Cu®* species. All binding energy (BE)
values were charge-corrected to the Cls signal which set at
284.6 eV of the carbon overlayer and the standard devia-
tion of the peak position was within +0.1 eV. This
reference gave BE values within an accuracy of +0.2 eV.
Samples were analyzed as powders dusted onto double-
sided sticky tape. The hemispherical analyzer functioned
with constant pass energy of 50 eV for high-resolution
spectra. The experimental bands were fitted with a com-
bination of Gaussian—Lorentzian lines using linear
baseline.

Catalytic reactions

The catalytic oxidation process was carried out in a 250 ml
three-neck glass flask. Hydrogen peroxide solution (30%
w/v, 1 ml) was added to an aqueous phenol solution
(100 mg/1, 100 ml) containing 0.2 g of catalyst. The mix-
ture was kept at room temperature for 60 min. The phenol
conversion and product distribution were determined by
HPLC. Aliquots of 5 pl were injected into a reverse-phase
C-18 column, with a mixture of 30% methanol 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

Structural properties of LDHs and resultant calcined
products

Power XRD patterns of LDHs with Cu/Zn/Al atomic ratios
ranging from 1/3/1 to 3/1/1 in the synthesis mixture are
shown in Fig. la. Obviously, hydrotalcite (HT)-like lay-
ered double hydroxides were observed as the major phase
in all samples [16]. In each case, XRD patterns exhibit
characteristic reflections of LDH materials with a series of
(00/) peaks appearing as narrow symmetric lines at low
angle, corresponding to the basal spacing and higher order
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reflections. As anticipated, only LDH phase is obtained for
samples with Cu/Zn ratios of 2/1 and 1/1. However, other
phases such as copper-zinc carbonate hydroxide
((Cu,Zn),CO3(OH),) (CZH; JCPDS 18-1059) at 260(values
of 14.67° [17] and malachite (Cu,(CO3)(OH),) (MT;
JCPDS 41-1390) at 17.60° [18] are formed in LDH-3/1.
This is because Jahn-Teller effect of coordination envi-
ronment around Cu”* jons can influence the stability of
brucite-like layers, which leads to segregation of some
Cu?* ions into non-LDH phases in the samples with higher
Cu content. In addition, a small amount of zinc carbonate
hydroxide (Zns(CO3),(OH)s) (ZCH; JCPDS 19-1458) at
13.07° appears in LDH-1/2 and LDH-1/3, due to higher Zn
content in synthesis mixture. The result clearly indicates
that the purity of precursors depends on the Cu/Zn/Al
atomic ratio in synthesis mixture.

The FT-IR spectra of samples are shown in Fig. 1b.
Every spectrum is similar to those of HT-like compounds
reported in the literature [19, 20]. The strong and broad
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Fig. 1 XRD patterns (a) and FT-IR spectra (b) of LDHs

band observed at 3,445 cm™! corresponds to O-H stretch-
ing vibration of surface and interlayer water molecules,
v(OH). The absorption at 1,640 cm™" is assigned to bend-
ing vibration of water, (H,0). In each case, there are two
IR active absorption bands around 1,350-1,410 cm™! and
800-890 cm™', arising from the v; (symmetric stretching)
and v, (out-of-plane deformation) vibrations of the inter-
layer carbonate anion. In addition, a splitting band of v;
mode located around 1,500 cm™! is observed due to the
disordered nature of the interlayer or a lowering of
the symmetry of the carbonate anions from Djj, to C,, in
the interlayer, which lifts the degeneracy of the v; mode.
On the other hand, the absorption of splitting band shifts to
higher frequency with (Cu + Zn)/Al ratios, which is
indicative of a strong decrease in symmetry of carbonate
anion, down to C,, or lower. Additionally, the appearance
of the shoulder peaks near 1,408 cm™' in LDH-1/2 and
LDH-1/3, and the v; mode around 1,050 cmfl, and the
apparent splitting of v, mode in LDH-2/1 and LDH-3/1
also suggests a lowering of the symmetry of the carbonate
anion and an increase in those impurities containing car-
bonates (CZH, MT, and ZCH phases) with the (Cu + Zn)/
Al ratios in samples.

Figure 2 shows the XRD patterns of calcined LDHs
obtained at 773 K. Clearly, calcination has destroyed the
layered structure since no characteristic reflections of
LDHs are present in the XRD patterns, but a broad dif-
fraction peak at about 36° of 20 that is obviously different
from that of single metal oxide phases such as zinc oxide
(JCPDS 36-1451) and copper oxide (JCPDS 05-0661) is
detectable in the XRD patterns, although other amorphous
phases may also be present. It indicates that after calcina-
tions, composite metal oxide phase such as Cu2+, Zn2+, and
AI** cation have developed. Composite metal oxide is a
type of metal oxide compound composed of two or above
kinds of metal cations, where different kinds of metal
cations can interact and are identically situated on the
structural units. Note that with the (Cu + Zn)/Al ratio, the
amount of CuO or ZnO increase gradually. Furthermore, an
apparent poorly crystallized phase appears in the XRD
pattern of sample CLDH-1/1, indicative of formation of the
highest amount of composite oxide phase. As a result,
the Cu/Zn ratio in LDHs precursors can influence the
composition and distribution of calcined LDHs.

Study of surface composition of calcined samples

The chemical compositions of calcined LDH samples are
given in Table 1. The Cu/Zn/Al ratios in the calcined
LDHs are similar to those employed in synthesis mixture of
LDH precursors, indicating essentially complete precipi-
tation of the metal ions. XPS data can provide information
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Fig. 2 XRD patterns of the calcined LDHs

about surface composition, obtained from core photo-
emission intensity data, and information about the
chemical state of the elements in the near-surface region.
However, the difference in the composition between the
surface and bulk of calcined LDH samples can be observed
from Table 1. Many XPS studies on metal oxides have
shown the segregation or depletion of some elements at the
surface [21-24], which is ascribed to surface relaxation by
energetic and steric (ionic radius) considerations, and
synthesis conditions, particularly the atmosphere [25]. In
our case, the surface segregation or enrichment of AI**
cations on the surface of calcined Cu/Zn/Al-LDHs systems
is ascribed to the stronger Al-O bond than Cu—O and Zn-O
bonds. Similar enrichment of the surface by Al was
observed recently in the case of calcined Cu/Mg/Al LDHs
[26]. Furthermore, Fig. 3 also presents the obvious surface
enrichment of zinc at higher Cu/Zn ratio between Cu®* and
Zn>* jons, which can be explained by the greatly
decreasing delocalization of Zn** (vide post Fig. 4b).

To obtain the chemical state of surface species on cal-
cined LDHs, XPS measurements were carried out to obtain
the M2p (where M stands for Cu, Zn and Al) and Ols
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Fig. 3 Comparison of the surface and bulk Cu/Zn ratios for the
calcined LDHs

spectra in Fig. 4 and their corresponding XPS character-
istics are listed in Table 2. In each case, the Cu2ps,, region
in Fig. 4a shows the presence of four peaks in the range
from 930 to 945 eV. The binding energy (BE) range found
in the literature [27, 28] for the main Cu2p;/, peak of the
sole CuO, generally with shake-up satellite line between
940 and 945 eV, is close to 934.0 eV. However, various
studies [29-31] have showed that the position of these
peaks depends on the chemical composition of the sample
and particularly on the near environment of the Cu?*, and it
also depends of the materials in terms of crystalline
structure, and content of substituent cations. In our system,
it is possible to distinguish between copper species present
in composite metal oxide phase (Cux') and copper species
in CuO phase (Cuz". Even bearing in mind the semi-
quantitative XPS determination, clear trends can be seen
from Table 2 showing the proportions of two chemical
states of the Cu®* as determined from the Cu2ps, core
level. While the proportion of Cu%' initially increases with
the value of Cu/Zn ratio, reaches maximum at a value of

Table 1 Texture and composition in the surface and bulk phases for calcined LDHs samples

Sample Cu/Zn/Al ratio BET surface area
m?/
Bulk® Surface® (mVe)
CLDH-3/1 2.83:0.95:1.00 0.30:0.25:1.00 36
CLDH-2/1 1.92:0.96:1.00 0.23:0.19:1.00 47
CLDH-1/1 1.03:1.03:1.00 0.28:0.26:1.00 72
CLDH-1/2 1.02:2.02:1.00 0.40:0.68:1.00 49
CLDH-1/3 1.01:3.01:1.00 0.20:0.73:1.00 48

* These values were determined from peak intensities measured by use of ICP

° These values were determined from peak areas measured by use of XPS
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Cu/Zn ratio around 1, which is related to the greatly
intensive surface interaction between Cu®* and other metal
cations, and then decreases. This is in accord with the XRD
results of calcined LDHs.

Normally, the Al2p core levels are overlapped with
Cu3p region peaks [31], as shown in Fig. 4c. After
deconvolution, the main peak at 73.4 eV is attributed to
AI’*-0 group due to Al2p, and the other peaks at 76.1 and
78.2 eV are assigned to Cux'and Cug' in Cu3p region,
respectively. According to relative intensities of the two
peaks located in the Cu3p regions, the change in the per-
centage of Cui'and Cug" obtained (Table 2), has the same

T T T T T T — T T T T T T T T T 1

524 526 528 530 532 534 536 538
BE (eV)

trends as that in the Cu2p region. It is well-known that ZnO
with Zn** partially replaced by AI** formed n-type semi-
conductor oxide catalyst and then became the acceptor of
electrons, which results in the decrease in BE of Zn>* [32)].
From XPS spectra of Zn2p regions of the calcined samples
(Fig. 4b), it can be noted that the BE of Zn2p decreases
gradually with Cu/Zn ratios from 3:1 to 1:1 and from 1:3 to
1:1, indicative of the increase in the degree of delocaliza-
tion of Zn**. This mainly results from the increase in the
proportion of Zn>* in composite metal oxide on the surface,
such as Cu,Zn;_,Al,O4 spinels, consistent with the XRD
results of calcined samples. Figure 4d illustrates the Ols
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Table 2 XPS characteristics of M2p and Ols regions for calcined LDHs samples

Sample
CLDH-3/1 CLDH-2/1 CLDH-1/1 CLDH-1/2 CLDH-1/3
Binding energy (eV)
Cu2psp
Cug* 933.2 (2.7)° 933.4 (2.7) 9333 (2.7) 933.2 (2.8) 933.2 (2.8)
Cuxt 934.7 (3.1) 934.8 (3.1) 934.7 (3.1) 934.7 (3.1) 934.7 (3.1)
Cug' sat. 941.2 (3.3) 941.2 (3.4) 941.0 (3.4) 940.9 (3.4) 941.1 (3.4)
Cu’ sat. 943.2 (3.0) 943.4 (3.2) 943.4 (3.2) 943.2 (3.2) 943.2 (3.2)
Ols
O 529.6 (2.5)° 529.6 (2.5) 529.8 (2.5) 529.6 (2.5) 529.7 (2.5)
Oy 531.3 (2.8) 531.1 (2.8) 531.1 (2.8) 530.9 (2.8) 530.7 (2.9)
Al2p/Cu3p
APP* 73.9 (2.6) 73.7 (2.6) 73.6 (2.3) 73.4 (2.3) 73.5 (2.3)
Cuz* 76.1 (3.8) 76.2 (3.8) 76.1 (3.8) 76.3 (3.8) 76.8 (3.8)
Cukt 78.2 (3.6) 78.2 (3.6) 78.2 (3.6) 78.5 (3.6) 78.8 (3.5)
Peak intensity (%)
Cu2ps)
I(Cu3hP® 61.7 56.5 55.6 62.5 67.1
I(CuXh® 38.3 435 44.4 37.5 32.9
Ols
1(Op)° 36.2 36.9 40.7 63.9 66.3
L(Op)° 63.8 63.1 59.3 36.1 337
Cu3p
I(Cugh! 66.6 64.7 58.8 60.4 62.8
I(Cuxh! 334 35.3 412 39.6 37.2

* Number in parentheses refer to FWHM in eV
¢ Intensity of the peaks in % of the total Ols area
9 Intensity of the Cug" or CuX' peaks in % of the total Cu3p area

XPS spectra of the samples. It can be observed that oxygen
is present in two chemical states in all samples, denoted as
O; and Oy, representing two different kinds of surface
species. O; with the lower BE at ca. 529.7 eV (Table 2)
belongs to the lattice oxygen, while Oy; with higher BE at
ca. 531.0 eV can be attributed to surface oxygen, including
adsorbed oxygen species and mainly hydroxyl groups [33,
34]. Note that the proportion of Oy species shows a steady
increase with decreasing Cu/Zn ratio, which is probably
relative to the increase in the absolute concentration of
ZnO proved by the above XRD results of calcined samples.

Catalytic activity
Oxidation of aqueous phenol solution by hydrogen per-
oxide over calcined CuZnAl-LDHs was investigated at

room temperature. Analysis of the oxidation products by
HPLC indicated the presence of polyhydroxylated
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Intensity of the Cudt or Cu% peaks (main peak and sat.) in % of the total Cu2p;/, area

aromatic compounds (phloroglucinol (HHQ), hydroqui-
none (HQ), and catechol (CTC)) and other deep
oxidation products, acetic acid, and acetone. The con-
version of phenol (PhOH) and product distribution
obtained with different catalysts is plotted in Fig. 5. It is
seen that the phenol conversion shows a volcano-shaped
curve with respect to Cu/Zn ratio, and the highest cat-
alytic activity appears for the calcined LDH with Cu/Zn
ratio of 1:1 characterized by the highest proportion of
CuZ’ species. This result points to the CuX" species
centers as active sites in the oxidation of phenol. Further,
it can be noted from Table 1 that with decreasing Cu/Zn
ratio, the BET surface areas present a maximum in
calcined sample with Cu/Zn ratio of 1:1, suggesting
active copper species can highly disperse on the surface
of the sample, leading to the increase in catalytic
activity. As a result, the high catalytic activity of cal-
cined samples should be relative to the great amount and
high dispersion of composite metal oxide containing
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Fig. 5 The conversion of phenol and products distribution as a
function of Cu/Zn ratios in the calcined LDHs

active copper centers on the surface of the calcined
LDHs. On the other hand, it can be found from Table 2
and Fig. 5 that with decreasing Cu/Zn ratios from 3:1 to
1:3, the proportion of small molecule products in the
reaction products increases gradually. This is because the
lattice oxygen species on the surface of calcined LDHs
as active oxygen centers can participate in oxidation
reaction. Therefore, more the lattice oxygen species,
higher the deep oxidation of phenol.

Conclusions

In summary, a series of LDHs carbonate precursors with
Cu/Zn/Al atomic ratios from 1:3:1 to 3:1:1 were synthe-
sized by conventional coprecipitation method. The cationic
ratios in the synthesis mixture have a significant influence
on the compositions and distributions of surface species on
the resultant calcined LDHs. Calcination of the LDHs gives
Cu/Zn/Al composite oxides and other metal oxides phases
such as CuO and ZnO. It is confirmed that the catalytic
activity for the oxidation of aqueous phenol solution is
mainly relative to the amount and dispersion of composite
metal oxides containing active Cu>* reaction centers on the
surface of calcined samples, and the lattice oxygen species
on the surface of catalysts are beneficial to the deep
oxidation of phenol.
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