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Spinel oxides (AB,O4) have been widely studied as catalysts for methane combustion. Increasing attention
was focused on the catalysis properties of the [B,Os] octahedron; however, the role of the [AQ] tetrahedron
in the catalytic activity was seldom discussed. Herein, a series of (CuO),—CuCo,0O4 (x = 0, 0.1, 0.2)
composite oxides were synthesized by a solvothermal method. The structure, morphology, and
physicochemical properties of the as-synthesized samples were characterized by the XRD, SEM, BET,

. 4 6th Aoril 2022 and XPS techniques. The results of the catalytic activity tests showed that the coexistence of CuO with
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Accepted 31st May 2022 CuCo,04 can improve the catalytic activity. The XPS results demonstrated that there were remarkable

Cu* ions present in the composite oxides, which can cause increases in the number of oxygen vacancies

DOI: 10.1039/d2ra02257k on the surface of the catalysts. In addition, the redox of Cu™ and Cu®' may improve the oxygen
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1. Introduction

Methane is an attractive energy source because of its high H/C
ratio and its high heat of combustion per mole of carbon
dioxide generated. On the other hand, methane is also one of
the greenhouse gases that exacerbates the greenhouse effect in
the atmosphere." From the perspective of sustainable develop-
ment, the reduction of unburned methane emissions needs to
be addressed urgently. Catalytic combustion is one of the key
technologies that not only reduces the reaction temperature
and improves the efficiency of methane utilization, but also
reduces methane and nitrogen oxide emissions.>

In the past decades, methane combustion catalysts have
been widely and deeply studied.® Earlier studies of methane
combustion catalysts mostly focused on supported noble
metals, such as Pd and Pt,** both of which exhibit high catalytic
activity towards methane. However, they are expensive, lack
stability at high temperatures, and are easier to sinter, which
affect the catalytic effect. Nowadays, the development of alter-
native catalysts based on non-precious metals is still very
attractive.® Single metal oxides,”® perovskites,'®'* spinel**** and
hexaaluminate' have been extensively studied. For spinel-type
(AB,0O,) catalysts, increasing attention was focused on the
properties of the [B,0;3] octahedron, but the effect of the [AO]
tetrahedron on the catalytic activity was seldom discussed. The
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exchange capacity for methane oxidation.

purpose of this study is to investigate the role of the [AO]
tetrahedron in spinel oxides for catalytic methane combustion.

As well known, Co-based spinel catalysts have been widely
used in the catalytic combustion of methane. Co;0,4, NiC0,0,,
and MCo,0, (M = Cu, Zn, Ni) exhibit an extremely high catalytic
activity for methane combustion.”*” CuCo,0, spinel oxide, as
a member of the cobalt-based spinel, can be used as a catalyst,
gas sensor, magnetic material, rechargeable battery, ceramic
pigment, solar absorber, etc.’*** CuCo,0, spinel oxide can be
synthesized by various methods, such as the sol-gel,”® hydro-
thermal,® and template methods.** However, in the above
literature reports, there was a CuO phase that coexisted with
CuCo0,0, in the synthesized samples, so it was difficult to
synthesize pure CuCo,0O, oxides. Here, a series of (CuO),-
CuCo,0, (x = 0, 0.1, 0.2) composite oxides were synthesized by
the solvothermal method. We chose the solvothermal method
to prepare the samples because of the good dispersion and high
activity of the sample particles prepared by it.>*” The structure,
morphology, and physicochemical properties of the as-
synthesized samples were characterized by the XRD, SEM,
BET, and XPS techniques. The catalytic activity of the (CuO),~
CuCo,0, composite oxides for methane combustion was tested
in a fixed-bed reactor.

2. Experimental

2.1. Synthesis

(Cu0),~CuCo0,0, composite oxides were synthesized by the
solvothermal method. In a typical experiment, 0.005 mol of
Cu(NO3;),-3H,0 (AR) and 0.01 mol of Co(NO;), 6H,0 (AR) were
co-dissolved in 50 mL isopropanol and 25 mL glycerol and
stirred at room temperature. The completely dissolved mixed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution was transferred to a Teflon-lined stainless steel auto-
clave, which was then sealed and kept at 180 °C for 12 h. After
the reaction, the brown precipitate was cooled to room
temperature, centrifuged, washed (three times each with
deionized water and ethanol), then dried at 80 °C for 12 hours,
and calcined at 500 °C for 3 h. CuO was synthesized by the same
method.

2.2. Characterization

The crystal structure of the sample powder was analyzed via X-
ray diffraction (Bruker D8 ADVANCE) with Cu Ka radiation (A =
1.5406 A). The powder morphology and element distributions of
the sample were analyzed using an ultra-high resolution field
emission scanning electron microscope device (Regulus 8230,
Hitachi, Japan) and X-ray energy spectrum analyzer (EDX). The
surface area (BET) and pore size distribution of the catalyst were
measured by nitrogen (N,) adsorption using a physical
adsorption analyzer (ASAP 2460, Micromeritics, USA) at
—195.85 °C. Raman spectroscopy was performed on a Raman
microscope imaging spectrometer (Thermo Fisher Dxr2xi). X-
ray photoelectron spectroscopy (XPS) was performed to deter-
mine the elemental composition of the catalyst's surface, and
a Thermo Fisher Scientific K-Alpha X-ray photoelectron spec-
trometer was used for analysis.

2.3. Catalytic performance tests

The catalytic performance tests were performed in a fixed-bed
quartz reactor. The as-prepared powder sample was sieved to
60-80 mesh. 200 mg of the sieved sample was taken and placed
in the center of a quartz tube, and quartz wool was used as
a stopper. A 100 mL min~ ' gas mixture consisting of 2%
(volume) methane, 26% (volume) oxygen and 72% (volume)
nitrogen was fed into the reactor at a space velocity of 30 000 mL
Ze.at - h ' A gas chromatograph (GC-14C) was used to measure
the exhaust gas in the reactor online to analyze the methane
concentration after the catalytic reaction. In this test, the data
was obtained after 30 minutes of stabilization at each
temperature.”®

3. Results and discussion

3.1. XRD

The XRD patterns of the (CuO),-CuCo,0, composite oxides are
shown in Fig. 1. The main peaks of CuO are at 26 = 35.5°, 38.7°,
48.7°, 61.5°, 65.8°, and 66.2°, which can be indexed to the
(—111), (111), (—202), (—113), (022), and (—311) crystal planes,
(JCPDS01-089-5899), respectively. The characteristic peaks of
CuCo,0, are at 26 = 18.9°, 31.1°, 36.7°, 44.6°, 55.4°, 59.1°, and
65.0°, which can conform to the standard pattern
Cuy.92C0,.050,4 (JCPDS01-076-1887), and the crystal plane types
are (111), (220), (311), (400), (422), (511), and (440), respec-
tively.'”” XRD spectroscopy confirms that even in the samples
synthesized according to the stoichiometric ratio, there is
a separate CuO phase, indicating that the CuO phase and
CuCo,0, coexist. It can be seen from the spectrum that the two
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Fig. 1 XRD patterns of CuO and the (CuO),—CuCo,0,4 composite
oxides.

composite oxide samples have evident characteristic peaks of
CuO, which are consistent with our target products.

3.2. SEM and BET

The scanning electron micrograph of the samples is shown in
Fig. 2. The histogram of the particle size distribution based on
the electron micrograph is shown in Fig. 3. The energy disper-
sive X-ray (EDX) of the sample is shown in Fig. 4. It can be
observed from Fig. 2 that CuO and CuCo,0, are dispersed
nanoparticles, and the particles of (CuO),;-CuCo,0, combine
to form large particles, and some small particles are scattered
on the surface of the large particles. As the proportion of CuO

200nm

200nm
Ll —

Fig. 2 SEM images of CuO (a), CuCo,04 (b), (CuO)p1-CuCo0,04 (c)
and (Cu0)g ,—CuCo,04 (d) composite oxides.
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Fig. 3 Particle size distribution histogram of the CuO (a), CuC0,04 (b), (CuO)g1—CuC0,0, (c) and (CuO)q,—CuCo,04 (d) composite oxides

(from SEM).

Fig. 4 EDX mapping for the (CuO)q,—CuCo0,0,4 composite oxide.

increases, the synthesized (CuO),,-CuCo0,0, composite oxide
particles are tightly combined to form large spherical particles
with uniform size. It can be seen from Fig. 3 that the average
particle sizes of the CuO, CuCo,0,, (CuO),,-CuCo0,0,, and
(Cu0),y,-CuCo,0, samples are 81 nm, 107 nm, 57 nm and

17492 | RSC Adv,, 2022, 12, 177490-17497

78 nm, respectively. To observe the element distribution, the
EDX mapping test was carried out. From the EDX elemental
mapping (Fig. 4), it can be seen that the Cu, Co, and O elements
are evenly distributed in the sample.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The BET results show that the surface areas of CuO,
CuCo0,0,, (Cu0),,-CuCo,0,4, and (CuO),,-CuCo,0, were 3.1
m’g ", 7.6 m*>g ', 10.5 m*> g ', and 8.5 m”> g, respectively.
Due to the high-temperature calcination of the samples during
synthesis, there is a certain sintering phenomenon, resulting in
a relatively low surface area of the samples. The adsorption
isotherm diagram of the (CuO),-CuCo,0, composite oxides is
shown in Fig. 5, and it can be seen from the figure that all
samples show type IV isotherms. Moreover, type IV isotherms
are typical of mesoporous materials.

3.3. Raman analysis

The Raman spectra of CuO and (CuO),~CuCo,0, (x =0, 0.1, 0.2)
composite oxides are shown in Fig. 6. CuO exhibits three Raman
peaks at 285, 330, and 605 cm ™', which can be classified as the
peak at 285 cm™ ! as the Az mode and the peaks at 330 and
605 cm ' as the By mode.” CuCo0,0, and (CuO),;-CuC0,0,
exhibit six Raman peaks at 200, 285, 460, 505, 595, and
675 cm ™ '; the peaks at 285 and 595 cm ™" are the Raman peaks
of CuO, which also confirms that the composite oxide we
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Fig. 5 N, adsorption—desorption isotherm curves of all samples.
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Fig. 6 Raman spectra of all samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

synthesized contains a CuO phase. The peaks at 200 and
505 cm™ ! are the F,, mode, the peak at 460 cm™' is the E,
mode,* and the peak at 675 cm ™' is the A,y mode."” The Raman
peak of the (CuO),,-CuCo,0, composite oxide is the redshift
based on the Raman peak of CuCo,0,. The addition of Cu may
replace part of the Co, causing distortions in the Co-O bond and
changes in the lattice parameters, which eventually lead to the
redshift of the Raman spectrum.’"*

3.4. H, TPR

To demonstrate that there is not a simple physical mixing
between CuO and CuCo,0, and that the CuO phase was
embedded in the CuCo,0, phase inducing the synergistic
effect, H,-TPR experiments were performed. The results are
shown in Fig. 7, where CuCo,0, has a broad reduction peak at
550 °C attributed to the reduction of the oxygen species in
CuCo,0,. After the addition of copper oxide, the temperature of
the (CuO),,-CuCo,0, reduction peak was reduced to 500 °C. A
strong interaction between CuO and CuCo,0O, was indicated. It
shows that there is a strong interaction between CuO and
CuCo0,0,4,* maybe leading to the configuration structure of the
CuCo,0, distortion, which is beneficial to the exchange of
oxygen in CuCo,0,.

3.5. XPS

The surface composition and oxygen species of CuO, CuCo,0,,
and the (CuO),,-CuCo0,0, composite oxide were further
analyzed by the XPS technique. The XPS spectra of Cu 2p, O 1s,
and Co 2p are shown in Fig. 8-10, respectively. All spectra
showed the presence of Cu, Co, and O elements, which, together
with the above XRD and Raman analyses, proved that we
successfully synthesized (CuO),~CuCo,0, composite oxides.
The Cu 2p spectra of CuO, CuCo,0,, and (CuO), ,~CuCo0,0,
are shown in Fig. 8. All of the Cu 2p spectra consist of Cu 2pz/,
peaks and Cu 2p,,, peaks, each accompanied by numerous
satellite peaks. In Fig. 8(a), the Cu 2p spectrum peaks of CuO at

CuCo,0,
—(Cu0),-CuCo,0,

550°C

500°C

Consumption of H, (a.u.)

hui T L T T T T T T T
200 300 400 500 600 700
Temperature(°C)

Fig. 7 H>-TPR spectra of CuCo,04 and the (CuO)g,—CuCo0,0,4
composite oxide.
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Fig. 8 XPS spectra of Cu 2p of CuO (a), CuCo,0O4 (b) and the
(CuO)g2—CuCo,0,4 composite oxide (c).
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Fig.9 XPS spectra of O 1s of CuO (a), CuCo,04 (b) and the (CuQO)g »—
CuCo,0,4 composite oxide (c).

the binding energies of 933.5 and 953.3 €V are attributed to Cu
2psz2 and Cu 2pyj,, respectively. The peaks of the Cu 2p spec-
trum of CuCo,0, at the binding energies of 933.5 and 953.4 eV
are Cu 2psj, and Cu 2p,,, respectively. From Fig. 8(b), it can be
observed that the Cu 2p3), spectrum consists of two peaks at
932.1 and 935.2 €V, corresponding to the tetrahedral Cu” and
Cu*"ions,” and the main peak at 933.6 eV, corresponding to the
Cu** ions in CuO. The Cu 2p,,, spectrum consists of two peaks
at 952.7 and 954.3 eV correspond to the Cu®** and Cu" ions. In
addition, there are many satellite peaks of divalent copper,

17494 | RSC Adv, 2022, 12,17490-17497
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Fig. 10 XPS spectra of Co 2p of CuCo0,04 (a) and the (CuO)g,—
CuCo,04 composite oxide (b).

which indicate that most of the copper ions in the Cu®" ions are
in the monoclinic tetrahedral cubic structure.***” As shown in
Fig. 8(c), the Cu 2p spectrum of the (CuO)y,~CuCo,04
composite oxide is similar to that of CuCo,0,, and the positions
of the peaks have not changed, only the ratio of Cu*/Cu®" has
changed. We calculated the ratio of Cu*/Cu®" using XPS data,
and the results are as follows: the ratio of Cu*/Cu®" in CuCo,0,
is 0.48, and the ratio of Cu*/Cu®*" in the (CuO),,-CuCo,0,
composite oxide is 0.53. It can be seen that after adding CuO,
the content of Cu' increases, indicating that a redox reaction
occurs between Cu' and Cu**, and more Cu*" ions are converted
into Cu" ions. The CuO phase generated during the synthesis
process promotes the redox between the Cu* ions and Cu®" ions,
which may lead to an increase in the number of oxygen vacan-
cies and enhance the activity of (CuO),,-CuCo0,0, to catalyze
methane combustion.

The above conclusions have also been verified in the O 1s
spectra. The O 1s spectra of CuO, CuCo,0,4 and (CuO)y,-
CuCo,0, are shown in Fig. 9. The peaks in Fig. 9(a) at 529.9 and
531.6 eV are attributed to the lattice oxygen (Oy) and the
adsorbed oxygen species (O,), respectively, on the surface of
CuO.*® The CuCo,0, O 1s spectrum peak (Fig. 9(b)) at the binding
energy of 529.5 €V is associated with the chemical bonding
between the oxygen atoms and metal atoms,**** and the peak at
the binding energy of 531.3 eV is due to the oxygen (oxygen
vacancies (O,)) near the defect sites on the surface of
CuCo0,0,."*> As shown in Fig. 9(c), the change in the peak
intensity of the binding energy at 531.3 eV in the O 1s spectrum of
the (CuO), ,-CuCo,0, composite oxide can be attributed to the
CuO phase generated during the synthesis process, increasing
the oxygen vacancies on the surface of the (CuO),,-CuCo0,0,
composite oxide. The increased oxygen vacancy is also one of the
important reasons to improve the catalytic activity of the
(Cu0)y,-CuCo,0, composite oxide for methane combustion.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The Co 2p spectra of CuCo,0, and the (CuO),,-CuCo,0,
composite oxide are shown in Fig. 10. The Co 2p spectrum
(Fig. 10(a)) of CuCo,0, has two peaks at the binding energies of
779.6 and 794.7 eV, which correspond to Co 2ps, and Co 2py,.
They can be decomposed into two peaks, 779.5 and 794.4 eV,
corresponding to Co®" ions, and 781.3 and 795.9 eV, corre-
sponding to Co®" ions.’® As shown in Fig. 10(b), the Co 2p
spectrum of the (Cu0O), ,-CuCo,0, composite oxide is the same
as the Co 2p spectrum of CuCo,0,, which indicates that the
CuO phase generated during the synthesis process has no
significant effect on the state of the Co ions.

In summary, all the changes in the ion valence state prove
that the (CuO)y,-CuCo,0, composite oxide has abundant
surface valence states and defects on the surface, which can
improve its catalytic activity for methane combustion.

3.6. Catalytic activity for methane combustion

Catalytic methane combustion was performed to evaluate the
catalytic performance of all samples, as shown in the light-off
curves of Fig. 11. The methane combustion curve temperature
as a function of reaction rate (calculated by the surface area
reaction rate) is shown in Fig. 12. As listed in Table 1 (T4, T50 and
Too, respectively, refer to the corresponding temperature when
the methane conversion rate is 10%, 50% and 90%), CuO showed
a poor catalytic activity and its T;, and Ty, are 407 °C and 535 °C,
respectively. The poor catalytic activity of the CuO sample is due
to its weak oxygen exchange capacity and small surface area. The
CuCo,0, catalyst showed catalytic activity, and its T}, and Ty, are
344 °C and 446 °C, respectively. The best methane catalytic
performance belongs to (CuO),,-CuCo,0,, and its Ty, and To,
are 331 °C and 423 °C, respectively. It can be seen from Fig. 12
that the (CuO),,-CuCo,0, composite oxide has the fastest reac-
tion rate. Fig. 11 and 12 together verify that the (CuO), ,~CuCo0,0,
composite oxide has the highest catalytic activity for methane
combustion among all samples. The activity of (CuO), ,~CuCo0,0,4
in catalyzing methane combustion is better than that of CuO and

100
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Methane conversion(%o)

~¥{Cu0)y - CuCo,0,
—8—(Cu0),;-CuCo,0
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Fig.11 Light-off curves of methane combustion on CuO and (CuO),—
CuCo,0,4 composite oxides.
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Fig. 12 Methane combustion curve temperature as a function of the
reaction rate (calculated by the surface area reaction rate).

Table 1 Ty, Tso and Tog of all (CuO),—CuCo,0O4 spinel samples

Sample T1o (°C) Tso (°C) Too (°C)
CuO 407 455 535
CuCo0,0, 344 410 446
(Cu0)y,1-CuCo,0, 332 385 435
(Cu0), ,~CuCo,0, 331 386 423

CuCo,0,, which indicates that CuO and CuCo,0, have a syner-
gistic effect in catalyzing methane combustion. According to the
catalytic activity and XPS analysis, the CuO phase generated
during the synthesis process increases the number of oxygen
vacancies and oxygen exchange capacity on the surface of the
(Cu0)y,-CuCo,0, composite oxide, which is an important
reason for improving the catalytic activity of (CuO),,-CuCo0,0,
for methane combustion. There is literature showing that CuO
has excellent methane adsorption capacity, which may also be
one of the reasons for the increased activity of the (CuO)y,-
CuCo,0, composite oxide to catalyze methane combustion.*
Table 2 shows the results of the catalytic methane combustion of
different catalysts, and the (CuO),,-CuCo,0, composites oxide
still has excellent catalytic activity compared to these catalysts. In
Table 2, the reaction conditions of various catalysts are different,
so there is no way to make a direct comparison, only a rough
comparison of their catalytic activities. Compared to a low
concentration of methane, a high concentration of methane
reflects the catalytic activity of our samples. The methane content
in the reaction conditions of CoCr,0, is 0.2%. It can be seen that
Tso and Ty of CoCr,O, are 392 °C and 464 °C, respectively.
However, T, and Ty, of (CuO), ,~CuCo,0, are 386 °C and 423 °C,
respectively, under the reaction conditions of the methane
content of 2%, which is sufficient to demonstrate the excellent
catalytic activity of the (CuO),,-CuCo,0, composite oxide.

As is well known, the CH, oxidation reaction follows the
Mars-van Krevelen mechanism.**** Fig. 13 depicts the possible
mechanisms by which CuO and CuCo,0, synergistically

RSC Adv, 2022, 12, 17490-17497 | 17495
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Table 2 Catalytic activity of various materials for methane combustion

Catalyst Tso (°C) Too (°C) Reaction conditions (GHSV) Reference
CoCr,0, 663 750 1% CH, and 99% air (space velocity of 48 000 mL g~ * h™") 12
CoCr,0, 392 464 0.2% CH,/10% O,/N, (space velocity of 36 000 mL g ' h™") 49
CuO-CeO, 502 578 0.1% CH,4/20% O,/Ar (space velocity of 78 000 mL g~ ' h™") 50
CuCo,0, 410 446 2% CH,4/26% O,/N, (space velocity of 30 000 mL g ' h™") This work
(Cu0)y.,~CuCo,0, 386 423 2% CH4/26% O,/N, (space velocity of 30 000 mL g * h™?) This work

@

co, )

2@ +

0, CH,

Catalyst
—

H,0
@ : Oxygen Vacancy H t

@ -a

o .

+2

H,0

Co,

Fig. 13 The synergistic catalytic mechanism of methane combustion by CuO and CuCo,04.

catalyze methane combustion. Most of the methane molecules
are adsorbed to the CuO surface, and most of the oxygen
molecules are adsorbed to the oxygen vacancies of CuCo,0,.
The adsorbed methane and oxygen undergo a redox reaction at
the contact surface of CuO and CuCo,0, to produce water and
carbon dioxide.?**®

4. Conclusions

The (CuO),—CuCo,0, (x = 0, 0.1, 0.2) composite oxides
synthesized by the solvothermal method have a lower light-off
temperature and excellent catalytic activity for the catalytic
combustion of methane. The reason for the excellent activity is
that the CuO phase generated during the synthesis process not
only increases the number of oxygen vacancies but also
improves the oxygen exchange capacity. Numerous character-
ization techniques show that CuO and CuCo,0, exhibit
a synergistic effect when catalyzing the combustion of
methane, which increases the oxidation rate of methane on the
surface of the (Cu0O),,-CuCo,0, composite oxides and makes
the catalytic combustion reaction of methane easier to occur.
The preparation method of the (CuO),-CuCo,0, catalyst is

17496 | RSC Adv, 2022, 12, 17490-17497

simple, and the raw materials are easily available and low in
price. This has certain application prospects in future indus-
trial production.
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