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Catalysts are the key to catalytic combustion which is known as an effective method for VOC treatment

of industrial waste gas. However, in a typical catalyst, the efficiency of non-noble catalysts, with well

economic, is generally poor at catalytic oxidation of VOC from industrial waste gas. In this work,

a non-noble catalyst CuFe-4.5 from Cu–Fe elements combined with the properties of hydrotalcite to

successfully be prepared. The difference between hydrotalcite as a precursor catalyst and the

traditional method was systematically investigated by XRD, FT-IR, SEM, TG, N2 adsorption–desorption

isotherms, H2-TPR, O2-TPD, and XPS. By forming the hydrotalcite structure, the structural properties

of the derivative oxide catalyst can be optimized and the interaction between Cu and Fe in the

system can be strengthened. It is more prone to electrons cycle, has more chemically adsorbed

oxygen, facilitates catalyst surface activation and shows better efficiency. The catalyst with high

activity for VOC in flue gas at low temperature, with 90% conversion at 236 °C, which is about 60 °C

lower than commercial catalysts such as EnviCat® from Clariant, Germany, and also has some

advantages over current studies. Our study provides a new perspective on the design of efficient

VOC catalysts.
1. Introduction

Volatile organic compounds (VOCs), mainly from industrial
emissions, are complex in composition and will have
a profound impact on the environment in which we live once
they are released into the atmosphere.1–4 Catalytic oxidation is
regarded as one of the most promising VOC treatment tech-
nologies due to its high efficiency compared to the widely used
VOC treatment technologies at present.5,6 The catalysts as the
key point of this treatment, noble metal catalysts, containing
noble elements like Pt, Pd, etc., are highly active, but they are
economically unsuitable for industrial applications.7,8 On the
contrary, non-precious metal catalysts with variable valence has
a variety of metal energy levels, abundant oxygen-associated
anions, higher migration, and electron migration of oxygen or
surface active substance, which favor better catalytic activity are
widely used for catalytic combustion of current VOCs.9,10
or Flue Gas Desulfurization, Sichuan
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the Royal Society of Chemistry
The layered double hydroxides (LDH) is a typical anionic clay
consisting of divalent and trivalent metal usually, the equation
(eqn (1)) is following as:11

[M1−x
2+Mx(OH)2

3+]x+[Ax/m
m−]$nH2O (1)

where M2+ and M3+ donate as metal cations with similar ionic
radii such as Mg and Al, Am− as the anions at the interlayer. x is
the proportion of trivalent metals, x = M3+/(M2+ + M3+) (mol
mol−1).

LDH has special layered structure characteristics (Fig. 1), as
well as features such as layered and interlayer elements
Fig. 1 The structure of LDH.
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tunability and acid-based bifunctionality, which have led to
extensive research in various elds such as biology, medicine,
and materials.12

“Cu” is highly active at low temperatures, and Cu-containing
catalysts are considered one of the most active catalysts for
VOC, which has been a research hotspot in recent years. Hos-
seini et al.13 synthesized the perovskite-type catalyst LaCu0.5-
Co0.5O3 and the catalytic efficiency of different metal ions for
toluene at 250 °C was 50%. Pan et al.14 reported that the La-
doped Cu–Mn metal oxide catalyst achieves 90% removal effi-
ciency at 255 °C for toluene in gas. In addition, few researchers
have used hydrotalcite as a precursor to synthesize Cu-
contained metal oxide catalysts. Busetto et al.15 synthesize
CuZn–Al-LDH to prepare catalytic for methanol catalytic
synthesis at low temperatures. Barrault et al.16 also synthesized
CuMg–Al-LDH as a precursor to prepare a catalyst for the cata-
lytic hydrogenation of cinnamyl alcohol, showing good catalytic
activity and selectivity. “Fe” is cheap and easily available, and
when added to Cu-containing systems, it will result in better
dispersion of the metal elements, which facilitates better
performance in catalytic reactions. A study by Xu et al.17

conrmed that the addition of Fe promoted metal-to-metal
interactions and optimized the structure of the catalyst, which
was conducive to the synthesis of low-carbon alcohol. Further-
more, compared with most metallic elements, especially
preciousmetals, Cu and Fe are signicantly cheaper (Table S2†),
offering good economic performance and potential for indus-
trial applications.

The present work attempted to synthesize and characterize
CuFe mixed oxide prepared with LDH as precursors for cata-
lytic combustion of toluene. There are still some debates about
the synthesis of hydrotalcite and its derivative oxides from Cu
and Fe metal elements in particular, and not much research
has been done before. As a catalyst precursor, the structure and
morphology of LDH will inuence the formation of its deriv-
ative oxide structure and thus its catalytic combustion
performance. The structural and surface features have been
characterized by XRD, FT-IR, SEM, and TEM compared with
precursors prepared by traditional methods. On this basis, the
characterization methods such as TG, N2 adsorption and
desorption experiments, H2-TPR, O2-TPD, and XPS were
combined to explore the differences in texture properties and
REDOX capacity between the derived oxides and oxide of Cu or
Fe as catalysts, and explore the optimization role of hydro-
talcite structure in the preparation of VOC catalysts from Cu
and Fe elements.

2. Experimental
2.1 Material

N2 ($99.5 vol%) and dried air were provided by Chengdu
Xuyuan Chemical Co., Ltd. Cu(NO3)2$3H2O (AR, $99.0%),
Fe(NO3)3$9H2O (AR), and sodium hydroxide (AR, $98.0%) and
sodium carbonate (AR) were all obtained from Chengdu Kelong
Chemical Co., Ltd. The deionized water came from the water
purication system UPR-II-10T of Chengdu Ultrapure Tech-
nology Co., Ltd. All the above reagents were not further puried.
35084 | RSC Adv., 2022, 12, 35083–35093
2.2 Catalysts preparation

According to the attempts in our previous about the inuence
from the proportion of Cu and Fe in the system and the
synthesis method (Fig. S4†). The Cu and Fe catalysts, nally,
prepared by co-precipitation method are shown in Fig. S2,†
copper nitrate (Cu(NO3)2$3H2O) and ferric iron nitrate
(Fe(NO3)3$9H2O) were mixed in a metal salt solution A with
a mole ratio of Cu to Fe of 2. Solution B was prepared from
sodium hydroxide (NaOH) and sodium carbonate (Na2CO3) in
a molar ratio of 1 : 1 at a concentration of 1 M. The 100 mL
distilled water was prepared as solution C. The precursor was
prepared by the method of low degree of supersaturation:
solution A was slowly dripped into solution C by a peristaltic
pump at 10 mL min−1 at room temperature. Solution B was
used to adjust the pH of the solution to maintain it at 4.5± 0.2
or 9.5 ± 0.2, during the drip-adding process. And the pH is an
important factor in the formation of hydrotalcite structures.
Combined with the two obvious plateaus corresponding to the
pH around 4.5 and 9.5 at the previous titration experiments
(Fig. S1†), was speculated to may cause the formation of
hydrotalcite structure at these pH conditions. Aer the addi-
tion was completed, the mixture was kept stirred for 30 min,
placed in a water bath, and reacted at 80 °C for 12 h. Aer
cooling at room temperature, the mixture was repeatedly
washed with distilled water until it became neutral and dried
overnight at 110 °C, the precursors named CuFe–P-4.5 and
CuFe–P-9.5 were obtained, and monometallic oxide precur-
sors named Cu(OH)x and Fe(OH)x were prepared by the same
method at pH = 9.5 to further compare the Cu and Fe metal
interactions. The precursor was calcined at 400 °C for 4 h, and
then the solid was grounded and sieved from 0.5 mm to 1 mm
as the catalysts.
2.3 Catalytic activity performance

Catalytic performance was evaluated in a xed-bed reactor
shown in Fig. S3.† The reactor was made of a quartz tube with
an inner diameter of 8 mm. The VOC emissions from the
spraying and drying process in the spraying industry were the
foundation for the simulated gas parameters in this experi-
ment. The inlet toluene concentration was set at 1000 ppm.
The total ow rate of toluene and air was set at 550 mL min−1.
The gas hourly space velocity (GHSV) was controlled at 30 000
h−1. A thermocouple was used to control and monitor the
temperature. Gas concentration was analyzed by gas chroma-
tography coupled with a ame ionization detector (FID, GC-
2000III, Shanghai Shangjiqunli Analytic Instrument Co.,
Ltd.). The temperature range of this experiment was 200–330 °
C and the concentration was noted when the temperature was
stable and the difference between before and aer the
measurement was less than 5%. The removal ratio of toluene
was calculated as eqn (2):

Toluene removal efficiency (%) =

([toluene]in − [toluene]out)/[toluene]in × 100% (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.4 Catalysts characterization

A series of physicochemical analyzes of the prepared precursor
and their derived oxides were performed by X-ray diffraction
(XRD) using the Bruker D8 ADVANCE diffractometer instru-
ment, Fourier Transform Infrared Spectroscopy (FT-IR) recor-
ded on a Thermo Fisher Nicolet Is10 FTIR spectrometer in the
range 4000 to 400 cm−1, scanning electron microscopy (SEM,
JEOLJMF-7500 F, Japan), coupled to an Oxford INCA EDX
detector system, and transmission electron microscope (TEM,
JEOL-JEM2100 Plus, Japan Electronics Co., LTD). Thermal
stability analysis was carried out by TG experiment (SDTQ600,
TA USA). The texture paraments were determined by the N2

adsorption–desorption method at liquid nitrogen temperature
using AUTOSORB-IQ (Quantachrome, USA) and the surface area
(BET) was calculated by Brunauer–Emmett–Teller (BET) equa-
tion for adsorption curves with relative pressures ranging from
0.05 to 0.35. For the calculation of total pore volume, the N2

adsorption capacity corresponding to the relative pressure of
0.95 was selected. The pore size distribution was calculated
from the desorption curve using density functional theory
(DFT). A TP-5076 chemisorption analyzer (Tianjin First Industry
and Trade Development Co., Ltd., China) was used to perform
the H2-temperature-programming reduction (H2-TPR) experi-
ments and the temperature-programmed desorption of oxygen
(O2-TPD), and further to investigate the redox ability of catalyst.
The surface elements and their valence states of the sample
Fig. 2 XRD patterns of the precursor (a), and the catalytic (c). FT-IR ana

© 2022 The Author(s). Published by the Royal Society of Chemistry
were analyzed with X-ray photoelectron spectroscopy (XPS) with
Thermo Scientic EscaLab 250Xi X-ray energy spectrum.
Detailed characterization information is described in the ESI.†

3. Results and discussion
3.1 Crystal structure and morphological characteristic of the
precursors

X-ray diffraction (XRD) can be used to analyze the crystal
structure of materials, and hydrotalcite structure materials have
a special characteristic diffraction pattern, which is an impor-
tant means of the analysis of LDH. The characteristic peaks of
CuFe–P-4.5 (Fig. 2(a)) are located at 12.8°, 25.7°, and 33.5°
corresponding to (003), (006), and (009) peaks of typically
hydrotalcite material,18–20 respectively. However, some devia-
tions can be observed compared with conventional hydrotalcite
“MgAl-LDH”. It is speculated the tiny deviations are mainly due
to the differences in the properties of metallic elements such as
Cu–Fe and Mg–Al themselves. On the other hand, the “Jahn–
Teller” effect of Cu2+ may be another reason for the deviation,
which is also consistent with other research results.20–23

However, CuFe–P-9.5 does not have the characteristic diffrac-
tion peaks of hydrotalcite structure, and its peak shape is
consistent with malachite (JCPDS: 76-0660) and Fe2O3 (JCPDS:
02-1165). This indicates that Cu2+ and Fe3+ constitute the
mixture of various components, mainly malachite, at relatively
high pH values rather than the lamellar hydrotalcite structure.
lysis of the precursor (b), and the catalytic (d).

RSC Adv., 2022, 12, 35083–35093 | 35085
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The crystal information obtained by the XRD analysis of Jade6
indicates that the CuFe–P-4.5 has a better crystal structure with
a crystallinity of 81.82% and a grain size of 59 nm, which
contributes to the dispersion of the components in the system
and improves the stability and catalytic activity of its derivative
oxide catalyst.23

FT-IR analysis was used to investigate the vibrations of
interlayer anions, water, and lattice oxygen of precursor shown
in Fig. 2(b). The absorption peak of CuFe–P-4.5 appeared near
3541 cm−1 is attributed to the stretching vibration of hydroxyl in
the plate.24 The broad peaks appearing at around 3422 cm−1

and 1637 cm−1 correspond to the stretching and bending
vibration of the lattice water hydroxyl groups.23 Asymmetric
stretching vibration, out-of-plane deformation vibrations, and
in-plane bending vibrations of CO3

2− were detected at
1328 cm−1, 873 cm−1, and 667 cm−1 respectively, and the
adsorption at 1040 cm−1 was considered as the metal skeleton
vibration of Cu–O–Fe.25 The peak around 505 cm−1 is the
vibration peak of metal bond M–O–H,26 corresponding to the
ordered combination of M2+ and M3+, in an ordered combina-
tion in the lamellar structure, connected to the hydroxyl group.
The structural features of LDH are shown. In contrast, CuFe–P-
9.5 showed vibration of water near 3422 cm−1 and 1637 cm−1,
Fig. 3 SEM of CuFe–P-4.5 (a), CuFe–P-9.5 (b), CuFe-4.5 (c), and CuFe-

35086 | RSC Adv., 2022, 12, 35083–35093
and carbonate near 1384 cm−1 and 873 cm−1. The peak shape
near 1040 cm−1 corresponded to the interaction of Cu and Fe,
which is not obvious compared with the former. It is more
consistent with the characteristics of basic copper carbonate.

SEM characterization was used to visualize further the
structure and surface characteristics of the precursor intui-
tively. The CuFe–P-4.5 showed heterogeneous multilayer
laminar or laminar aggregates (Fig. 3(a)).24 The thick lamellar
structure of CuFe–P-4.5 exhibited, which may be because of the
“Jahn–Teller” effect of Cu2+ in the process of forming the
lamellar structure, leading to some degree of distortion.
Meanwhile, a small amount of impurities can be observed
around the layered structure, which is supposed to be caused by
the aggregation of semi-nished products forming the lamellar
structure or some impurity substances during the preparation
process. On the contrary, the precursors prepared at pH = 9.5
(Fig. 3(b)) showed spherical aggregates of 15–35 nm in size,
similar to the irregular spherical bouquet of basic copper
carbonate.27 The surface of the spheres has many cubic crystals,
which may be the Fe2O3 cubic crystal particles. Furthermore,
the overlap of multilayer plate-like structures can be observed in
TEM shown in (Fig. 3(e)), which is also consistent with the
characterization of XRD.
9.5 (d); TEM of CuFe–P-4.5 (e).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Thermal analysis of CuFe–P-4.5 and CuFe–P-9.5.

Table 1 T50 and T90 of catalytic for toluene oxidation

Catalytica CuFe-4.5 CuFe-9.5 CuOx FeOx

T50 (°C) 219 244 280 —
T90 (°C) 236 260 311 —

a The temperature of toluene conversion reaches 50% or 90%.

Fig. 5 The catalytic performance (a) on the toluene oxidation, and the
long period experiment (b) of CuFe-4.5 on the toluene oxidation.
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To further explore the conversion process of precursor to its
derived oxide and the thermal stability of precursor at a certain
temperature, the TG experimental results are shown in Fig. 4.
CuFe–P-4.5 exhibited three weight loss processes, with the nal
residual mass of about 73.16% at 800 °C. In the rst stage, the
weight loss of 5.10% occurs below 170 °C and corresponds to
the release of pore water formed by the adsorption of water
molecules from the air by the material. The effective drying of
the material before the TG experiment can effectively this part
of the weight loss phenomenon.28 When the temperature
increases to 170–275 °C, 10.41% of the weight loss corresponds
to the second stage, which should be due to the removal of
internal crystalline water and hydroxyl groups between the
laminates in the structure of the LDH material and the begin-
ning of structural changes in the main laminates. In the third
stage, about 6.04% weight loss occurs at 275–472 °C, which
corresponds to the removal of the hydroxyl group and inter-
lamellar anion CO3

2− from the system at high temperature. At
this phase, the hydrotalcite lamellar structure collapses, and
composite oxides are formed. However, the same preparation
CuFe–P-9.5 with Cu and Fe as catalysts showed similar weight
loss results in the range of 71.05% to 791.88 °C, but with only
two distinct phases in the process. In the rst stage, the weight
loss rate of 5.39% is similar to that of CuFe–P-4.5, because of the
removal of water molecules from the surface. With the increase
in temperature from 250 to 477 °C, a signicant weight loss
(17.42%) is exhibited, which corresponds to the transition from
basic copper carbonate to complex metal oxides. In the case of
similar weight loss rates, not only did the phase transition
process not show, but the phase transition started at higher
temperatures. Combined with the fact that the peak position of
CuFe–P-9.5 in DTG (329 °C) shis 110 °C to a higher tempera-
ture than the former (219 °C), it indicates that CuFe–P-9.5 has
better thermal stability as a precursor and is less likely to
transform to its derivative oxide at a certain temperature.

3.2 Catalytic performance test of derived oxides

The precursor is an important step in the process of catalyst
preparation. Aer calcination at a certain temperature, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
derived oxide was prepared as toluene combustion catalysts. To
explore the interaction of Cu and Fe in the catalyst system, we
added CuOx and FeOx prepared under the same conditions as in
the comparison. Serious catalytic combustion activity in toluene
was measured in a xed-bed reactor. Table 1 summarizes the
temperatures at which the efficiency reached 50% (T50) and 90%
(T90) and the catalysts showed signicantly different catalytic
activity (Fig. 5). It is clear that the two-component catalyst
system shows higher catalytic activity at low temperatures, with
CuFe-4.5 showing better catalytic activity for toluene at lower
temperatures, reaching T50 and T90 at 219 °C and 236 °C,
respectively. On the contrary, the single component catalyst of
Fe could not even reach 50% removal efficiency at the temper-
ature of about 320 °C. The catalytic activity follows the order of
CuFe-4.5 > CuFe-9.5 > CuOx > FeOx.

In recent years, based on the better economic performance
of non-noble metals, many researchers have explored their use
RSC Adv., 2022, 12, 35083–35093 | 35087
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Fig. 6 Schematic diagram of the conversion process of hydrotalcite to
its derived oxide.
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of them to construct catalytic at combustion catalysts for VOC
toluene in ue gas, as shown in Table S3.† Cu, Mn, Co, and Ce
are used as the main raw materials for the construction of
catalysts due to their excellent activity at low temperatures. The
catalyst prepared based on Ce and Co exhibits good catalytic
performance under the reaction temperature of a minimum of
230 °C.29–31 Furthermore, the catalyst prepared from the
combination of Co–Mn, Cu–Mn, and Cu–Ce required higher
temperatures (above 258 °C) to achieve the same catalytic
efficiency.32–36 Relatively few studies have been conducted on
toluene oxidation catalysts with Fe as the main component. Xue
et al.37 prepared a 0.1MnCF/IM catalyst by introducing Mn ions
from KMnO4 and Djinović et al.38 prepared catalyst Cu005Fe-
KIL(30) by two-step solvothermal short and introduced Cu by
impregnation, and the catalyst required a higher than 310 °C
temperature to reach the removal efficiency of 90%. In
comparison, CuFe-4.5 prepared in this study could provide
higher catalytic activity to toluene in ue gas at lower
temperatures.

On the other hand, the water resistance test and long period
test of CuFe-4.5 were also performed at the GHSV of 30 000 h−1 in
the present water vapor, as shown in Fig. 5. The toluene
conversion remained almost constant aer introducing 4 vol%,
6 vol%, and 10 vol% water vapor to the stream at 250 °C. The
results indicated that water vapor has no obvious impact on the
efficiency of toluene conversion within a certain range. When the
reaction time reached 36 h, the oxidation efficiency of toluene
slightly decreased by about 4%, but still maintained about 90%
efficiency. Therefore, CuFe-4.5 is catalytically durable in the
simulated ue gas condition, which effectively broadens the
application range for practical industrial conditions.
3.3 Crystal structure and morphology evolution of catalysts

The XRD patterns of the catalyst materials prepared by calcined
are shown in Fig. 2(c). CuFe-9.5 shows that the characteristic
peaks are superimposed on each other with CuO and Fe2O3,
which indicates the metal Cu and Fe constitute a common
bimetallic composite oxide. However, for CuFe-4.5 shown, the
characteristic diffraction peaks of LDH like (003), (006), and
(009) have all disappeared and show that new diffraction peaks
appear near 2q = 35.5°, 38.7°, 48.7°, and 58.2°, corresponding
to CuO. It shows that the main structure of LDH is completely
lost and the derived oxide with a single structure is obtained. It
is worth noting that no diffraction peaks of Fe oxides are
observed in CuFe-4.5, which may be due to the amorphous form
of Fe oxides generated by calcination of LDH at high tempera-
tures and their homogeneous distribution in the CuO lattice,
which is more favorable for the catalytic reaction and the
interaction between Cu and Fe in the nal catalytic reaction.

The vibrations at 3422 cm−1 and 1630 cm−1 of FT-IR analysis
of catalyst in Fig. 2(d) correspond to the stretching and bending
vibrations of lattice water,23 indicating that a certain amount of
lattice water remains in the material aer calcination at high
temperatures, and these peaks are relatively pronounced at
CuFe-9.5. The peaks around 1490 cm−1 and 1360 cm−1 are
attributed to the vibration of NO3

− and CO3
2−, respectively. And
35088 | RSC Adv., 2022, 12, 35083–35093
the peak around 535 cm−1 and 490 cm−1 should respond to the
vibration of Cu–O, and 460 cm−1 should respond to the vibra-
tion of Fe–O.39,40 The results show that in the catalyst system of
CuOx, FeOx, and CuFe-9.5, the impurities such as NO3

− and
CO3

2− in the materials are not effectively removed during the
calcined process. However, in the pattern of CuFe-4.5, no peaks
or weak intensities as mentioned above were observed. And it
may benet from the facilitation effect brought by the LDH
structure, which effectively expels impurities from the system
and forms stable mono-derivative oxides.

Aer calcined at high temperature, the surface of CuFe-9.5
has changed signicantly, but the distinct spherical structure
can still be observed on SEM (Fig. 3(d)), and the crystalline
aggregation on the spherical surface has become molten and
ne under the high temperature. A signicant amount of
distortion, craters and pore homogeneous holes on the CuFe-
4.5 surface can be observed in Fig. 3(c), although the lamellar
structure can be maintained aer calcination. These porous
structures lead to the gradual expulsion of interlayer water
molecules, anions and hydroxyl groups from the hydrotalcite
bone structure and the formation of channels during calcina-
tion. This phenomenon also further explains, to some extent,
the facilitating effect of the unique structure of LDHmentioned
in the FT-IR analysis.

We speculate, combined with the above experimental results
(Fig. S5†), that the conversion process of LDH with a multilayer
plate-like structure to its derived oxide should have the
following characteristics (Fig. 6). The hydroxyl group in the
main lamellar structure of CuFe-LDH escapes from the lamellar
structure rapidly under the action of high temperature, thus
forming lamellar holes. The anions and water molecules
between the layers quickly escape from the structural system
through the channel formed by the skeleton body of Cu–O–Fe.
At the same time, this process will allow the hole to continue to
expand, and further increase the effective gain. The derived
oxides, nally, with a stable and uniform catalyst system
prepared from LDH are formed.
3.4 Structure–property

The pore properties of catalysts are important factors for cata-
lytic activity, since the porous structure determines the distri-
bution of active sites and the adsorption capacity. Based on the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 N2 adsorption and desorption isotherms and pore size distri-
bution of the catalyst.

Fig. 8 H2-TPR (a) and O2-TPD (b) profiles of catalyst.

Table 2 The texture performance parameters of catalytic

Sample
Surface area
(BET)/(m2 g−1)

Total pore
volume/(cm3 g−1)

Average pore
size/(nm)

CuFe-4.5 83.86 1.687 × 10−1 8.05
CuFe-9.5 63.6 1.653 × 10−1 10.4
CuOx 5.06 9.676 × 10−3 7.64
FeOx 50.66 1.686 × 10−1 13.32
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results of N2 adsorption/desorption isotherms and pore size
distribution, the porous structure properties of the catalyst were
illuminated. As depicted in Fig. 7, the adsorption/desorption
isotherm curves of catalyst, both of which present as the
typical type IV adsorption branch. In particular, CuFe-4.5 and
CuFe-9.5 show a typical H3 hysteresis loop similarly, with FeOx

preferring the H1 type, while the CuOx hysteresis loop is not
obvious. The pore size distribution of catalysts is mainly
different. Themesoporous structure of CuFe-4.5 and CuFe-9.5 is
roughly 3–12 nm, but the catalyst prepared at pH = 4.5 were
relatively more concentrated in the lower pore size direction.
The pore size distribution of FeOx is mainly concentrated in the
range of 7–11 nm, and the distribution of CuOx is relatively
uniform. Additionally, the specic surface area (Table 2) of
CuFe-4.5 is 83.86 m2 g−1, while that of CuFe-9.5 is only 63.6 m2

g−1. The results indicate that the preparation of catalyst mate-
rials by hydrotalcite structure, as the process described before,
can promote the optimization of the pore structure of the
derived oxide catalyst more than the traditional method, which
has a higher specic surface area, higher total pore volume with
smaller pore size, and increase the number of pore structure of
catalyst materials. In catalytic reactions, better texture proper-
ties can oen provide better channels for the target components
of catalytic combustion in the system, facilitate the “entrance-
adsorption-reaction-dissociation” process of substances, and
improve the activity of the overall catalyst and the efficiency of
catalytic reactions.
3.5 H2-TPR and O2-TPD

The results of H2-TPR are shown in Fig. 8(a) to investigate the
reduction ability of derivative oxides prepared by LDH or
conventional methods as catalysts. In monometallic catalysts,
the reduction of CuOx is relatively easy, showing H2
© 2022 The Author(s). Published by the Royal Society of Chemistry
consumption at 216 °C and 274 °C, which corresponds to the
reduction of Cu2+ / Cu1+ and the conversion of Cu1+ / Cu0

with high partial unsaturation including isolated copper ions
and small 2D or 3D clusters,41,42 respectively. However, the
reduction of FeOx requires higher temperature, with H2

consumption peaks at about 445 °C and 723 °C corresponding
to the further reduction of Fe3+ / Fe2+ and Fe2+ to Fe0,43,44

respectively. It is noteworthy that the CuFe catalyst formed
a broad peak in the range of 200 °C to 450 °C with a gentle peak
shape. Combined with the analysis of CuOx and FeOx, the
interaction between Cu and Fe may make it more susceptible to
reduction,45 in which case the adsorbed Cu overows hydrogen
to the refractory Fe under this condition, leading to the reduc-
tion of Fe. In other words, the shape of the peaks near 274 °C
and 445 °C in the curve shis toward the middle, and the
superposition of the peak shapes form smooth and broad
peaks, which reduces the further movement of Fe2+ to lower
temperatures. However, in the bimetallic catalytic system, the
position of each reduction peak is closer to the low-temperature
region compared with monometallic oxide, indicating
improved reduction performance. To be specic, the H2

consumption peak of the derived oxide CuFe-4.5 prepared from
hydrotalcite as a precursor not only has a lower temperature but
also a degree of peak intensity enhancement compared to the
conventionally prepared catalyst CuFe-9.5, indicating that the
formation of the hydrotalcite structure allows the activation of
the catalyst surface at lower temperatures. This implies an
RSC Adv., 2022, 12, 35083–35093 | 35089
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Table 3 XPS characteristics of Cu 2p3/2, Fe 2p3/2, and O 1s for the
catalyst

Surface atomic concentration (%)

+ 2+ 2+ 3+ a b

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 7
:2

9:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
improvement in the reduction performance and catalytic
performance. This is caused by the transformation of hydro-
talcite structure to the derived oxide process, and in conjunc-
tion with the above discussion, the laminate structure improves
the effective alignment properties of Cu and Fe in the system,
and its structural or interlayer ion discharge through-hole
properties are not only improve the performance of the
texture structure, but also allow better dispersion of the
elements in the system and enhance the interaction between Cu
and Fe, which in turn improves the overall reduction capacity.

O2-TPD measurements were performed to investigate the
surface and bulk oxygen and the distribution of three similar
peaks is shown in Fig. 8(b). According to the literature,46–48 the
peaks at lower temperatures correspond to the desorption of
oxygen components adsorbed on the surface, and the peaks
between 400 and 600 °C are attributed to surface lattice oxygen
components, while higher temperatures correspond to peaks of
lattice oxygen. The peak positions were similar across catalysts,
with surface adsorbed oxygen desorption peaks occurring at
127 °C and 380 °C. However, the intensity of the peak in the
bimetallic catalytic system is strengthened due to the interac-
tion betweenmetals, with CuFe-4.5 being the most pronounced.
The same phenomenon can also be observed in the surface
lattice oxygen peak shape, especially at around 517 °C, where
the comparison between CuFe-4.5 and CuFe-9.5 and the bime-
tallic compared to the monometallic system shows not only
a signicant enhancement of the peak intensity but also
a constant shi of the peak position to lower temperatures. The
results indicate that the lattice oxygen has an increased diffu-
sion rate on the surface material, is easily migrated and des-
orbed, and has a stronger oxidation capacity. This tendency
illustrates that the oxidation performance of the derived oxide
catalyst can be optimized by LDH, which is benecial to exhibit
better catalytic activity in catalytic combustion.
Sample I (Cu ) I (Cu ) I (Fe ) I (Fe ) I (O ) I (O )

CuFe-4.5 47.82 52.18 53.89 46.11 62.43 35.71
CuFe-9.5 38.28 61.72 44.75 55.25 47.39 33.85
CuOx 37.01 62.99 — — 50.84 30.68
FeOx-500 — — 43.23 56.77 54.05 24.02
3.6 Surface chemical property

To study the chemical states of the catalysts, XPS measurements
of Cu 2p, Fe 2p, and O 1s were conducted. The results are
Fig. 9 Cu 2p, Fe 2p and O 1s XPS spectra of CuFe-4.5, CuFe-9.5, CuOx

35090 | RSC Adv., 2022, 12, 35083–35093
presented in Fig. 9 and Table 3. As exhibited in Fig. 9, the Cu
2p3/2 peaks of all samples show two distinct peaks in the range
of 930–947 eV. The peak with the binding energy of 934 eV
corresponds to Cu2+ species, and the binding energies in the
range of 938–947 eV are the satellite peak of Cu2+ species,43,49

while the peak in the area of low binding energy (933 eV) should
be attributed to Cu+ species.50 It indicates that Cu mainly exists
in two chemical valence states of Cu2+ and Cu+ in the catalytic. It
is worth noting that the proportion of Cu+ in CuFe-4.5 gradually
increased compared with CuOx and CuFe-9.5 (Table 3). What's
more, Cu+ is the main active substance in the catalyst reaction
of toluene, and the increase of its relative content will enhance
the oxygen vacancy defect in the catalyst. Therefore, it will be
conducive to the adsorption and oxidation of toluene and the
improvement of catalytic activity.14

The same benecial gain can be found in the Fe 2p3/2 prole,
where the peaks of Fe 2p3/2 and Fe 2p1/2 appeared near the
binding energy of 705–715 eV and 720–730 eV. The peaks are
asymmetric, indicating the presence of Fe in different valence
states in the catalyst. It can be divided into two independent peak
shapes by tting, where 709.9–710 eV corresponds to the char-
acteristic peak of Fe2+, and 711.5–711.9 eV is the characteristic
peak of Fe3+. The Fe 2p3/2 and Fe 2p1/2 satellite peaks appear in the
range of 715–720 eV and 730–740 eV respectively.51,52 In contrast,
CuFe-4.5 also showed a higher proportion of Fe2+ in Table 3. It will
promote the reaction by conducive the interaction between Cu
and Fe by facilitating the electron transfer in the catalytic reaction
, and FeOx.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Mechanism of toluene oxidation on Cu–Fe catalytic system.
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process. Moreover, to further study the surface oxygen species
types of the catalyst, the O 1s peaks of the sample were divided
into three independent ones by tting. The peaks near binding
energy 529.6 eV correspond to lattice oxygen in the catalyst
denoted as Oa. The surface chemisorbed oxygen corresponds to
about 531.2 eV which is denoted as Ob. The adsorbed oxygen
species such as surface water or carbonate showed a less intense
acromion 533 eV, denoted as Og.14 In particular, surface chem-
isorbed oxygen is one of the most active oxygen species and plays
an important role in promoting catalytic oxidation reactions.53 As
parameters of O 1s listed in Table 3, the content of Ob showed
a trend of CuFe-4.5 > CuFe-9.5 > CuOx > FeOx, which is also
consistent with the experimental results of the activity test. And it
shows that the structure of hydrotalcite as a precursor for catalyst
preparation can signicantly enhance the interaction between Cu
and Fe, the redox electric pair between Fe3+–Fe2+ and Cu2+–Cu+

can be circulated, and the loss of electrons leads to form the
vacancy of surface oxygen and lattice oxygen, which is conducive
to the formation of chemisorption oxygen on the surface of the
catalyst54 and will conducive to the activation of the catalyst
surface. It is also consistent with the trend of H2-TPR andO2-TPD.
3.7 Mechanism

Based on the results of a series of catalysts for catalytic toluene
combustion, it is noteworthy that the T50 of CuOx is at least 36 °
C lower than that of FeOx in a single-metal system. We suggest
that this may be the result of multiple factors, such as the
oxidative–reductive properties of materials and differences in
surface textures combining the results of characterization such
as H2-TPR and O2-TPD. From a general view, the Cu species
should play a leading role in the process of catalytic. And the
introduction of Fe plays two main roles in the same stage. First,
the Fe oxide has certain oxidation–reductive properties, which
enhance the catalytic activity of the system as a whole. On the
other hand, the presence of Fe leads to a more disordered
structure, forming the Cu–Fe interactions and facilitating
oxygen transfer in the catalytic system. This should be the main
reason for the signicantly enhanced catalytic activity
compared to the single metal system.

Combining the relevant literature55,56 andMars–van Krevelen
(MVK) mechanism, the redox cycle for the catalytic oxidation of
toluene over the Cu–Fe catalytic system is described as follows.
First, toluene is chemisorbed on the catalyst surface and even-
tually oxidized to CO2 and H2O at high temperatures. At the
same time, with the consumption of lattice oxygen, oxygen
vacancies are formed and Cu2+/Fe3+ is reduced to Cu+/Fe2+. The
oxygen vacancy, as the site centers of O2 adsorption and acti-
vation, play an important role in the lattice oxygen replenish-
ment process. On the other hand, more reduced metal oxides
(Cu+/Fe2+) are present on the surface of the catalyst. The
distortion of Cu oxides, especially, due to the “Jahn–Teller”
effect will lengthen the bond of Cu–O and thus, release the
surface lattice oxygen more easily. Second, the oxygen vacancies
on the surface act, as electron adsorption centers further acti-
vating the adsorbed oxygen to the electron-rich species O− and
O2

−. And the Cu+ and Fe2+ are gradually oxidized to Cu2+ and
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fe3+. It is worth noting that the introduction of Fe can signi-
cantly promote the occurrence of catalytic cycle, suggesting that
Fe may rapidly transfer oxygen through the path of Fe3+ / Fe2+

/ Fe3+. The oxide of Fe3+ belongs to the metal oxide, which
generates lattice oxygen through bulk phase reduction, while
Fe2+ oxide belongs to the P-type semiconductor oxide, which
contains a large number of the center that can provide electrons
and adsorb O2, to form reactive oxygen species, which in turn
transfer to the Cu cycle pathway: Cu2+ / Cu+ / Cu2+. Cu+ can
adsorb reactive oxygen on the surface and obtain activated
oxygen from the Fe cycling system, thus facilitating oxygen
transfer. Finally, the lattice oxygen formed by linking the acti-
vated O species to the valence bands of the metals Cu2+ and Fe3+

replenished the oxygen vacancies generated during the catalytic
oxidation of toluene, forming the catalytic cycle. According to
the above results and discussion, the total reaction mechanism
of catalytic oxidation of toluene with Cu–Fe catalyst (Fig. 10)
could be described as follows:

C7H8 + cO2
− + cO2 / CO2 + H2O (3)

Cu2+ + ce / Cu+ (4)

Fe3+ + ce / Fe2+ (5)

Cu+ / Cu2+ + ce (6)

Fe2+ / Fe3+ + ce (7)

O2 + ce / cO2
− (8)

By improving the catalyst structure and the connection
between metal components, the hydrotalc-prepared catalyst
demonstrated higher catalytic activity in the oxidation of
toluene. For example, CuFe-4.5 shows no signicant FeOx

diffraction peak on XRD (Fig. 2(c)), and the phase may be
amorphous or microcrystalline, which is more favorable for
intermetallic electron transfer and catalytic reactions.
4. Conclusions

In this study, the precursors with the characteristic structure of
hydrotalcite were successfully prepared from Cu and Fe, and
RSC Adv., 2022, 12, 35083–35093 | 35091
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their structures were characterized through XRD, FT-IR, SEM,
and TEM. On this basis, the prepared derivative oxide catalyst
named CuFe-4.5 showed better catalytic activity to toluene in
the ue gas. The experimental results showed that T50 and T90
were reached at 219 and 236 °C. The differences in chemical
and physical properties of CuOx, FeOx and bimetallic oxides
(named CuFe-9.5) prepared by conventional methods were
analyzed in combination with the characterization of N2

adsorption and desorption curves, H2-TPR, O2-TPD and XPS. We
argue that the process of conversion of LDH to its derived oxides
corresponds to the gradual loss and transformation of precur-
sors with structural characteristics of hydrotalcite into stable
derived oxide structures. And it is the process special that will
not only optimize the texture properties, but further
strengthens the interaction of Cu and Fe effectively, and the
catalyst surface can be activated at lower temperatures. Our
study may offer a fresh viewpoint for the design of highly
effective catalysts at VOC.
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