
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier.com/locate/fuel

Full Length Article

Highly active Pd catalysts supported on surface-modified cobalt-nickel
mixed oxides for low temperature oxidation of lean methane
Cunshuo Li, Wenzhi Li⁎, Kun Chen, Ajibola T. Ogunbiyi, Zean Zhou, Qiuyan Duan, Fengyang Xue
Laboratory of Basic Research in Biomass Conversion and Utilization, Department of Thermal Science and Energy Engineering, University of Science and Technology of
China, Hefei 230026, China

A R T I C L E I N F O

Keywords:
Palladium
Cobalt-nickel mixed oxides
Surface modification
Synergistic interaction
Lean methane combustion

A B S T R A C T

A highly active palladium catalyst supported on SiO2-modified cobalt-nickel mixed oxide (denoted as 0.5Pd/M-
Co1Ni4) was prepared and used for lean methane combustion. It was found that such a surface modification
strategy enhanced the synergistic interaction between deposited palladium phase and reactive cobalt-nickel
oxide, leading to substantial improvement in performance towards methane combustion. Over 0.5Pd/M-Co1Ni4,
90% methane conversion was realized at 323℃ and a space velocity of 60,000 mLg−1 h−1, which is 62 °C lower
than that required for its untreated counterpart, 0.5Pd/Co1Ni4. The results of XRD, TEM, transmission FTIR and
XPS demonstrated that the introduced SiO2, which was presented as an amorphous phase covering the carrier
surface, could effectively tune the electronic structure of both Co1Ni4 support and palladium entities. More
importantly, H2-TPR and O2-TPD results of 0.5Pd/M-Co1Ni4 revealed that the presence of SiO2 could enhance
the low-temperature redox capability and increase the supply of oxygen species during the reaction process. We
believe that the combination of PdOx (1 < x < 2) phase and modified Co1Ni4 oxide with low Co3+/Co2+ ratio
was responsible for such an excellent performance of 0.5Pd/M-Co1Ni4. This work provides a feasible method for
the design of efficient CCM catalysts with reduced palladium content by maximizing the palladium species and
reactive host materials.

1. Introduction

With increasingly severe emission regulations, natural gas (> 95%
methane, CH4) has been gradually considered as an alternative to
petrol-based fuel for automotive applications [1]. Under this circum-
stance, natural gas vehicles (NGVs) which exhibit significant environ-
mental advantages because of lower emissions of solid particles [2] and
carbon dioxide [3], have gained popularity in many countries and their
number is anticipated to grow over time [4]. However, the advantages
of NGVs are partially counteracted by the release of unburned lean
methane, which possesses more than 20 times higher global warming
potential than CO2 [5]. To date, catalytic combustion of methane
(CCM) has become a competitive technology to remove this environ-
mental pollutant owing to its high combustion efficiency and little
emissions of other by-products, such as NOx and CO [2].

The first priority in CCM is to develop catalysts that show sufficient
activity at low temperatures, and over the past decades, a great deal of
research has been done in this regard. Among the available catalysts,
supported palladium catalysts are most active owing to their capability
to initiate methane molecules at temperatures below 400℃. Pd-based

catalysts supported on CeO2 are well-studied [6–8], and other metal
oxides including Al2O3 [9,10], SnO2 [11,12], SiO2 [13,14] and ZrO2

[15,16] have also served as host materials for active palladium phases,
as seen in literature. Meanwhile, catalysts made of transition metal
(especially Co, Ni, Cu, Cr and Mn) oxides and derived mixed oxides
(such as manganese-nickel [17], cobalt-chromium [18], cobalt-nickel
[19,20], manganese-cobalt [21] and copper-manganese [22] based
mixed oxides) have also been developed and recognized as appealing
substitutes for noble metals towards methane combustion. Generally
speaking, due to higher oxygen mobility, mixed oxides show better
catalytic capabilities than single transition metal oxides, though their
activities per site are still lower than those of Pd-based catalysts.

Irrespective of the excellent activities of palladium-based catalysts,
their rarity and high price limit their industrial applications.
Consequently, current research has mainly focused on pursuing effec-
tive CCM catalysts with reduced Pd content via maximizing the active
palladium species. Towards this goal, Cragnello et al. developed a
surface modification strategy using organ-silane as surfactant in 2012.
They claimed that the hydrophobic Al2O3 support improved the dis-
persion of Pd@CeO2 subunits, and the enhanced Pd-CeO2 interaction
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was key factor responsible for the exceptional performance of
Pd@CeO2/H-Al2O3 catalyst [23]. Inspired by this seminal effort, we
recently demonstrated that the synthesis of atomically dispersed pal-
ladium catalysts could be achieved via constructing a spatial structure
between active phase and surface-modified support; the utmost utili-
zation of palladium entities enabled the 0.23 wt%Pd/SiO2-ZrO2 catalyst
to remove all lean methane at only 400℃ [24]. On the other hand, the
catalytic performance of Pd-containing catalysts also depends on the
properties of their supports which affect the Pd-support interaction
[25]. Therefore, adopting intrinsically active materials as carriers for
palladium represents another promising option for lowering the amount
of noble metal while guaranteeing the low-temperature performance of
CCM catalysts. Pd-containing catalysts supported on reactive Co3O4

spinel (3% Pd/Co3O4) [26], Co3O4 nanorods (PdO/Co3O4 nanorods)
[27] and three-dimensionally ordered mesoporous (3DOM) Co3O4

(2.94Au0.50Pd/meso-Co3O4) [28] have been reported by researchers. In
these three systems, the synergistic interaction between palladium and
Co3O4 provided excellent low-temperature activities towards methane
combustion, but the contents of noble metals of these three samples
were somehow high. With this consideration, our reported Co1Ni4 (with
a Co/Ni ratio of 1:4) catalyst [19], which displayed better light-off
performance than pure Co3O4 at low temperature, seems to be a more
promising host material for further reducing the loading amount of
noble metals. Overall, the reviewed literature allowed one to expect
that a combination of Co1Ni4 oxides and palladium species might make
the best use of these two reactive materials, and a surface modification
strategy may further tune their synergistic interaction and improve the
low-temperature activity of this catalyst system.

Thus, we herein report the fabrication of highly active palladium
catalysts supported on SiO2-modified cobalt-nickel mixed oxides and
their application for lean methane combustion. The Co1Ni4 oxides were
adopted as supports, which had high hydrothermal stability and re-
activity under CH4-lean reaction environment. The effect of surface
modification of Co1Ni4 support on the catalytic performance for CH4

combustion was then evaluated. Subsequently, several characterization
techniques were employed to study the physicochemical properties
determining the outstanding performance of 0.5Pd/M-Co1Ni4.

2. Experimental

2.1. Preparation of catalysts

The cobalt-nickel oxides with specific Co/Ni ratio of 1:4 were pre-
pared by co-precipitation method [19] using cobalt nitrate (Co(NO3)2)
and nickel nitrate (Ni(NO3)2) as precursors and ammonium hydroxide
(NH3·H2O) as a precipitator.

The surface modification of Co1Ni4 supports was carried out using
Cargnello’s method with slight changes [23]. Typically, 5 g of support
powder and 2.75 mL of triethoxy-n-octysilane (TEOOS, 97%) were first
dispersed in 100 mL toluene by sonication for 20 min. Under vigorous
stirring, the mixture was then refluxed at 110℃ for 3 h, after which the
oxide powder was purified by centrifugation (6000 rpm, 3 min) and
subsequently washed with toluene three times. Finally, the hydro-
phobic support was obtained by drying under vacuum and stored as
host material for preparing supported palladium catalysts.

Supported palladium catalysts were synthesized by impregnation
method. A typical preparation of catalyst with desired palladium con-
tent of 0.5 wt% was carried out according to the following procedure.
5.3 mL of palladium acetate solution (2 mg/mL, dissolved in toluene)
was stirred with 1 g of hydrophobic support for 10 min, then the
mixture was sonicated for another 20 min and dried at 70℃ under
−0.09 MPa vacuum overnight. The sample was finally calcined at
500℃ for 3 h using a ramp of 5 ℃min−1.

In this study, the hydrophobic Co1Ni4 oxide (the refluxed support
without calcination) is denoted as H-Co1Ni4. After the calcination at
500℃, the silanes bound on the surface of H-Co1Ni4 decomposed to
SiO2 and, therefore, this modified support and the corresponding sup-
ported Pd catalyst are designated as M-Co1Ni4 and 0.5Pd/M-Co1Ni4,
respectively. Likewise, palladium catalysts supported on untreated
Co1Ni4 are tagged 0.5Pd/Co1Ni4. For comparison, certain amounts of
H-Co1Ni4 and Co1Ni4 supports were also calcined at 500℃ for 3 h be-
fore performance evaluation and characterization.

2.2. Catalyst characterization and activity measurement

The physicochemical properties of representative samples were
characterized by inductively coupled plasma-atomic emission spectro-
meter (ICP-AES), N2-physisorption (Brunauer-Emmett-Teller, BET), X-
ray diffraction (XRD), field-emission transmission electron microscope
(FETEM), fourier transform infrared (FTIR) spectroscopy, X-ray pho-
toelectron spectroscopy (XPS), hydrogen-temperature programmed re-
duction (H2-TPR) and oxygen temperature programmed desorption (O2-
TPD). Details on the characterization procedures were described in
Supplementary material. Lean methane combustion (1.0 vol% CH4,
60,000 mLg−1h−1) over the obtained catalysts was also conducted
according to the method provided in Supplementary material.

3. Results and discussion

3.1. Catalysts characterization: ICP-AES and BET

The actual contents of palladium in 0.5Pd/Co1Ni4 (0.48 wt%) and
0.5Pd/M-Co1Ni4 (0.45 wt%) were determined by ICP-AES, which are
close to their nominal percentages. Regretfully, the chemisorption
technique employed to determine the Pd dispersion over irreducible
supports (SiO2, Al2O3) cannot be used in our catalyst system, since H2

or CO chemisorbs on both Co1Ni4 supports and PdOx phases [26].
Table 1 lists the BET surface areas of samples estimated by nitrogen
adsorption–desorption analysis. M-Co1Ni4 and 0.5Pd/M-Co1Ni4 show
higher BET values than Co1Ni4 and 0.5Pd/Co1Ni4, proving that the
surface modification of support increased the surface areas of samples.
Nevertheless, there is no definite correlation between the BET value and
light-off performance of these samples, which means that heat and mass
transfer limitations might not have existed in our reaction system.

3.2. Crystal structure and morphology

The XRD patterns of Co1Ni4, M-Co1Ni4, 0.5Pd/Co1Ni4 and 0.5Pd/M-
Co1Ni4 are displayed in Fig. 1. As can be seen, a combined phase of NiO
and NiCo2O4 existed in all the four catalysts, while the modification of

Table 1
Specific surface areas and surface composition of selected samples.

Catalyst SBETa [m2g−1] Co3+/Co2+ b [mol/mol] Oads/Olatt
b [mol/mol] Pd4+/Pd2+ b [mol/mol] Content of Si b [wt%]

Co1Ni4 18.44 0.73 0.41 — —
M-Co1Ni4 19.10 0.75 0.37 — 5.29
0.5Pd/Co1Ni4 18.95 0.70 0.40 0.23 —
0.5Pd/M-Co1Ni4 23.63 0.62 0.39 0.59 5.16

a. BET method. b. Determined by XPS.
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support and the deposition of palladium species did not alter the
crystalline structure of these samples. Specifically, the Bragg diffraction
peaks of 2θ values of 31.2°, 36.7°, 44.6°, 59.1° and 65.0° are ascribed to
the Fd3m space group of NiCo2O4 spinel phase (JCPDS PDF #47-1049),
while the peaks at 37.2°, 43.3°, 62.9°, 75.4° and 79.4° can be assigned to
the NiO Phase (JCPDS PDF #73-1072). This composition is reasonable
considering the realistic Co/Ni ratio, since only NiO can be formed once
the amount of Ni2+ exceeds the capacity of spinel octahedral sites.
[29,30] In addition, no peak associated with metallic Pd (2θ = 40°, 46°)
or PdO (2θ = 34°, 42°) [3,31] is detected in 0.5Pd/Co1Ni4 and 0.5Pd/
M-Co1Ni4. This is an indication that the palladium crystallites were
uniformly distributed throughout these two samples and/or are smaller
than 3 nm [32]. Meanwhile, although the existence of SiO2 is evidenced
by the FTIR and XPS spectra shown in Fig. 3 and Fig. 4E, no standard
peaks of SiO2 phase can be observed in M-Co1Ni4 and 0.5Pd/M-Co1Ni4
samples. This is probably because either the SiO2 covering the surface
of support is exclusively amorphous or its crystallites are smaller than
the resolution of XRD technique.

The morphology and size of 0.5Pd/Co1Ni4 and 0.5Pd/M-Co1Ni4
were investigated by TEM and HRTEM. As shown in Fig. 2a and Fig. 2b,
Co1Ni4 mixed oxides take on irregular shapes with grain sizes in a wide
range of 30–80 nm. Meanwhile, no palladium nanoparticles (NPs) could
be imaged over the samples, suggesting that palladium species were
presented as ultrafine crystallites in these two samples. Furthermore,
HRTEM was also employed to understand the composition and the
exposed lattice planes of 0.5Pd/Co1Ni4 and 0.5Pd/M-Co1Ni4. As shown
in Fig. 2c, two kinds of interplanar distances of 0.243 nm and 0.470 nm
can be clearly observed while Fig. 2d displays lattice fringe spaces of
0.239 nm and 0.240 nm. A spacing value of ~0.24 nm corresponds to
the (2 2 2) plane of NiO [17], and that of ~ 0.47 nm is close to the d
values of (1 1 1) lattice plane of spinel Co3O4 sample (about 0.46 nm)
[28], which can be reasonably indexed to NiCo2O4 species considering
the larger radius of Ni2+ (0.069 nm) [17] in comparison with that of
Co3+ (0.055 nm) [18]. Such a mixed phase consisting of NiO and
NiCo2O4 is also consistent with XRD results. Notably, on the surface of
0.5Pd/M-Co1Ni4, an amorphous (but not fully covered) phase with
uneven thickness can be found simultaneously, probably because of the
introduction of silicon species.

To prove this deduction, transmission FTIR spectra of pristine
Co1Ni4 and hydrophobic Co1Ni4 oxide (H-Co1Ni4) were further col-
lected and shown in Fig. 3. Based on published data, the weak

absorption bands near 1664 cm−1 arise from H-O-H bending vibrations
mode due to adsorption of water, and the features from 3000 to
3750 cm−1 are caused by hydroxyl species, while the vibration of Si-O
bond and Ni-O gives bands at 1140 cm−1 [33] and 490 cm−1 [34,35],
respectively. Considering that the hydrophobic Co1Ni4 powder had
been rinsed abundantly and dried overnight before the FTIR measure-
ment, the signal of unreacted TEOOS would be virtually negligible.
Hence, the much stronger intensities of Si-O vibration band in H-Co1Ni4
can be associated with the attachment of long alkyl chains to the sur-
face of Co1Ni4 support. Actually, the alkoxy groups of TEOOS were
prone to hydrolysis during the reflux process at 110℃, but the alkyl
chain was not [23]. As a result of the reaction between TEOOS and the
support, the Co1Ni4 oxides were covered by alkyl chains and became
hydrophobic, after which the alkyl chains evolved into SiO2 modifica-
tion layer during the 500℃-calcination eventually.

3.3. Chemical and electronic states

XPS spectra of Co 2p, Ni 2p, O 1s, Pd 3d and Si 2p are used to
elucidate the surface composition of selected samples and local atomic
environment of each element. By using deconvoluting method, the XPS
spectra of Co 2p (Fig. 4A) could be fitted with Co 2p3/2 and Co 2p1/2
peaks at 779.8 eV and 795.7 eV in addition to two satellite peaks at
785.1 eV and 802.8 eV, respectively. The deconvoluted Co 2p3/2 peaks
centered at lower binding energies (BEs) can be well indexed to Co3+

(779.8 eV) and Co2+ (781.6 eV) [30] while their relative percentages
can be obtained by quantitative analysis based on their integral areas of
corresponding peaks, as summarized in Table 1. It is obvious that upon
loading palladium species, the Co3+/Co2+ molar ratio of 0.5Pd/Co1Ni4
(0.70) and 0.5Pd/M-Co1Ni4 (0.62) decreased to much lower values in
comparison with those of their supports. The drop in surface Co3+

concentration might be attributed to the transformation of palladium
species discussed below, while the rise in Co2+ concentration is usually
accompanied with increased concentration of oxygen vacancies in co-
balt spinel structure [26,28]. In addition, there was also a good corre-
lation between catalytic performance and Co3+/Co2+ atomic ratio in
the four samples, as reflected in the lowest Co3+/Co2+ atomic ratio in
our best-performing 0.5Pd/M-Co1Ni4, which illustrated that the oxi-
dation state of Co is tightly related to the Pd-support interaction.

The multimodal Ni 2p spectra (Fig. 4B) of the catalysts are char-
acterized by the Ni 2p1/2 and Ni 2p3/2 peaks together with two corre-
sponding satellites with binding energies of about 7 eV higher. The Ni
2p3/2 lines are best fitted with doublet peaks at 856.2 and 854.3 eV,
illustrating that the nickel components were mainly present as Ni2+ in
these samples [17,19]. It is noteworthy that after the loading of palla-
dium phases, the binding energies of 0.5Pd/Co1Ni4 and 0.5Pd/M-
Co1Ni4 shifted towards the lower BE direction (especially in the latter
sample), though the deposition of palladium did not alter the valency of
nickel species.

The asymmetrical O 1s spectra shown in Fig. 4C display three peaks
situated at binding energies of 529.8, 531.5 and 532.3 eV, respectively.
As reported in literature, the peaks centered at lowest BE values
(529.3–530.4 eV) are caused by lattice oxygen (Olatt, e.g., O2−), while
adsorbed oxygen species (Oads, e.g., O2

2−, O2
− or O−) give signals

located at 530.8–531.5 eV. Components with BE values of
531.8–533.4 eV belong to the surface hydroxyl (OOH) species and ad-
sorbed water molecules [6,36]. On the basis of these assignments, one
can deduce that all of the three oxygen components existed in each
sample. The intensities of hydroxyl-related peaks in M-Co1Ni4 and
0.5Pd/M-Co1Ni4 are significantly stronger than those in Co1Ni4 and
0.5Pd/Co1Ni4, which might have come from Si-OH species because of
the introduction of silicon species. In addition, it is generally accepted
that the Oads/Olatt ratio is a criterion to describe the proportion of active
vacant oxygen on the catalyst surface [36]. However, one can propose
that Oads/Olatt ratio itself may not be an adequate index of enhanced
reactivity due to the very close Oads/Olatt values (see Table 1) in our

Fig. 1. XRD patterns of (a) Co1Ni4, (b) M-Co1Ni4, (c) 0.5Pd/Co1Ni4 and (d)
0.5Pd/M-Co1Ni4. Crystalline phases detected: (♦) NiO, (▽) NiCo2O4.
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four samples. Taking into account that XPS tests were carried out at
room temperature and ultrahigh vacuum, the results obtained from this
ex situ measurement might not have accurately reflected the actual
concentrations of oxygen vacancies of selected samples under realistic
reaction temperature (150–600℃). In our catalyst system, although the
Oads/Olatt values for the surface of all the four catalysts were close, more
active oxygen species might be formed at the reaction temperature on
the 0.5Pd/M-Co1Ni4 catalyst, as revealed by following H2-TPR and O2-
TPD experiments, to contribute to an improvement of the performance
(see Fig. 5).

According to published data, the binding energies of Pd 3d5/2 state
(Fig. 4D) at 335.2–335.6, 336.5–337.7 and 338.0–338.7 eV represent
Pd0, PdO and Pd4+ species, respectively [3,37]. With specific regard to
PdO component, well-crystalline PdO phase can be generally detected
at 336.5 ± 0.2 eV, while peaks at higher binding energies (ca.
337.5 eV) correspond to highly dispersed Pd2+ species due to the final-

state screening effects [31,38], since the localized d-electron cannot
screen the hole generated by the photoemission effectively with the
decrease of particle size. Therefore, the palladium species centered at
binding energies of 337.6 and 338.7 eV in both 0.5Pd/Co1Ni4 and
0.5Pd/M-Co1Ni4 can be indexed separately into ultrafine PdO and Pd4+

species, in agreement with the XRD and HRTEM results. Furthermore,
the analysis of Pd4+/Pd2+ atomic ratio was also carried out using same
method as that of Co 2p spectra, as compiled in Table 1. An observation
of Pd4+/Pd2+ and Co3+/Co2+ ratios shows that 0.5Pd/M-Co1Ni4 has
higher Pd4+/Pd2+ ratio (0.59) but lower Co3+/Co2+ value (0.62) than
0.5Pd/Co1Ni4 (see Table 1). Considering the powerful oxidation of
trivalent cobalt cations, in present work, we tentatively deduce that

Fig. 2. TEM images of (a) 0.5Pd/Co1Ni4, (b) 0.5Pd/M-Co1Ni4 and HRTEM images of (c) 0.5Pd/Co1Ni4, (d) 0.5Pd/M-Co1Ni4.

Fig. 3. Transmission FTIR spectra of pristine Co1Ni4 and hydrophobic Co1Ni4.

Fig. 4a. Co 2p XPS spectra of (a) Co1Ni4, (b) M-Co1Ni4, (c) 0.5Pd/Co1Ni4 and
(d) 0.5Pd/M-Co1Ni4.
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palladium species could be oxidized by Co3+ (i.e., electrons transferred
from palladium to cobalt). Such a synergistic interaction could have
given rise to the formation of Pd4+ species and further affected the
light-off performance of 0.5Pd/Co1Ni4 and 0.5Pd/M-Co1Ni4. Indeed, It
has been claimed that transient Pd4+ site could be stabilized in PdOx

clusters partially embedded in the CeO2 lattice [7,8] or incorporated
into the host matrix to form Pd-LaFeO3 solid solution [3], and such sites
could activate methane more efficiently than PdO (1 0 1) surface. Ac-
cordingly, in our Pd/Co1Ni4 system, one cannot exclude the presence of
Pd4+ species doped into the lattice of NiO and/or NiCo2O4 taking the
close ionic radius of Pd4+ (0.062 nm) [39], Ni2+ (0.069 nm) [17],
Co2+ (0.072 nm) [40] and Co3+ (0.055 nm) [18] into consideration.

The effect of silicon, as an additional element in 0.5Pd/M-Co1Ni4
(different from 0.5Pd/Co1Ni4), on the physicochemical properties and
catalytic performance would be very important. Consequently, the Si 2p
spectra of M-Co1Ni4 and 0.5Pd/M-Co1Ni4 were fitted and shown in
Fig. 4E. As in reported studies, peaks at binding energies of 98.8–99.7,
100.0–102.0 and 102.6–103.2 eV are contributed from Si0, SiOx

(0 < x < 2) and SiO2 [41,42], respectively. Therefore, our results
unambiguously reveal that silicon species are present as SiO2 in both
samples, corroborating the hypothesis on the thermal evolution of re-
acted TEOOS mentioned above. In addition, the weight percentage of Si
was also calculated based on XPS and listed in Table 1. Given the fact
that XPS is a surface detection technique, these results were reasonable
although they were slightly higher than the theoretical value (4.75 wt
%) assuming that all the TEOOS molecules were reacted and then in-
tegrated to the surface of Co1Ni4 supports. However, corresponding
peaks of M-Co1Ni4 and 0.5Pd/M-Co1Ni4 appear at 102.6 and 103.0 eV,
respectively. Such a chemical shift implies that Si could modify the Pd-
support interaction through electron transfer, thereby, enhancing the
light-off activity of 0.5Pd/M-Co1Ni4.

Combined with associated performance shown below, one can
tentatively conclude that the excellent performance of 0.5Pd/M-Co1Ni4
could have been a result of the synergistic interaction between
Co1Ni4 support and PdOx (1 < x < 2) phase, which was also modified
by silicon species simultaneously.

3.4. Redox property and lattice oxygen activity

Fig. 5A demonstrates the H2-TPR profiles of 0.5Pd/Co1Ni4 and
0.5Pd/M-Co1Ni4 in order to probe the redox behavior of these two
samples. As can be seen, three successive peaks are observed in the H2-
TPR result of 0.5Pd/Co1Ni4. The weak peak located at 245℃ arises from
Co3+ reduction to Co2+ [29,43], while the interpretation of the broader
peak with maxima at the higher temperature region (ca. 350℃) is
complicated by its poorly-resolved shoulder at approximately 300℃.
From published data, both the reduction of NiO to metallic Ni and CoO
to metallic Co generally occurs in the temperature range of 300–400℃
[18,30]. Thus their reduction peaks might have partially overlapped to

Fig. 4b. Ni 2p XPS spectra of (a) Co1Ni4, (b) M-Co1Ni4, (c) 0.5Pd/Co1Ni4 and
(d) 0.5Pd/M-Co1Ni4.

Fig. 4c. O 1s XPS spectra of (a) Co1Ni4, (b) M-Co1Ni4, (c) 0.5Pd/Co1Ni4 and (d)
0.5Pd/M-Co1Ni4.

Fig. 4d. Pd 3d XPS spectra of 0.5Pd/Co1Ni4 and 0.5Pd/M-Co1Ni4.

Fig. 4e. Si 2p XPS spectra of M-Co1Ni4 and 0.5Pd/M-Co1Ni4.
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generate a broad peak, rationalizing the distinct shape of this curve.
After the modification of Co1Ni4 support, 0.5Pd/M-Co1Ni4 exhibited a
much better redox ability which does not only reflect in the shifts of
reduction peaks towards lower temperatures but also in the larger H2

consumption (14.3 mmol/g) than that of 0.5Pd/Co1Ni4 (13.4 mmol/g).
Specifically, the three-step reduction process became almost indis-
tinguishable in the H2-TPR profile of 0.5Pd/M-Co1Ni4, which merged to
form an intense and broad peak situated at 337℃ (about 20℃ lower
than that of 0.5Pd/Co1Ni4) with a shoulder at 260℃, suggesting that
the introduction of SiO2 modification layer significantly affected the
reduction of cobalt and nickel species. It is also worth noting that a new
reduction peak appears at 112℃, a temperature at which only noble
metal could be reduced by H2 [3,44]. Nevertheless, the corresponding
H2 consumption of this peak is calculated to be 1447 μmol/g, which is
much higher than the stoichiometric amount of H2 needed for the re-
duction of PdO to Pd (47 μmol/g), and more than that required for the
conversion of PdO2 to Pd (94 μmol/g) assuming a theoretical Pd
loading of 0.5 wt%. Meanwhile, because of the irreducible nature of
SiO2 [45], the lattice oxygen of SiO2 cannot be reduced at this tem-
perature as well. Hence, one can safely ascribe this low temperature
reduction peak to the depletion of reactive oxygen species [18,46],
which could be adsorbed and activated on vacant oxygen sites and
participate in the subsequent oxidation reaction of methane. Such an
improvement on reducibility is closely associated with the formation of
oxygen vacancies and believed to have positive impact on the oxidation
of hydrocarbons according to the MvK mechanism, explaining the en-
hanced activity of 0.5Pd/M-Co1Ni4.

O2-TPD experiments were also conducted to gain insight into the
composition and mobility of oxygen species, as shown in Fig. 5B.
Generally, transition metal oxide based catalysts present three kinds of
oxygen in different temperature ranges. One is the molecular oxygen
species adsorbed on the catalyst surface (O2

–) which generally account
for desorption peaks in the temperature region below 400℃. Oxygen
molecules released from sub-surface lattice oxygen which are in the

intermediate temperature range of 400 to 600℃, constitute another
kind. The third is the bulk lattice oxygen O2– species which give peaks
in the temperature region exceeding 600℃ [47]. By checking the O2-
TPD results of 0.5Pd/Co1Ni4, the weak but broad desorption peak ex-
tending from 50 to 400℃ is attributed to the liberation of molecular
O2

–, while the well-defined peaks with maxima at 555 and 675℃ belong
to the oxygen stripped from subsurface and bulk lattice of Co1Ni4 car-
rier, respectively. For the sample of 0.5Pd/M-Co1Ni4, the desorption
peaks of corresponding oxygen species are found at 130, 555 and 650℃,
accompanied by the appearance of an additional peak situated at 720℃
which belongs to the O2 released from palladium oxide (PdO and PdO2)
[37,48,49]. The desorption behavior of surface adsorbed oxygen com-
ponents in low temperature region shows no obvious difference be-
tween these two samples. However, in the result of 0.5Pd/M-Co1Ni4,
the intensity of desorption peak in the temperature range of 555 to
650℃ is stronger than that of 0.5Pd/Co1Ni4, demonstrating that the
0.5Pd/M-Co1Ni4 could supply much more sufficient oxygen species
during reaction process than 0.5Pd/Co1Ni4. Furthermore, there are no
signals associated with palladium in the TPD curve of 0.5Pd/Co1Ni4.
Combined with the different electronic properties of supported palla-
dium species determined by XPS, we deduced that the presence of SiO2

might have weakened the bond strengthen of Pd-O and facilitated the
desorption of oxygen in the 0.5Pd/M-Co1Ni4 catalyst [50], while the
Pd-O bond in 0.5Pd/Co1Ni4 was too stable to crack even at elevated
temperature, providing a plausible explanation for the absence of des-
orption peak ascribable to palladium oxide.

3.5. Catalytic performance and thermal stability test

Fig. 6 compares the light-off performance of samples tested in the
temperature region of 150 to 600℃, while Table 2 summarizes their
exact temperatures at which the methane conversion reached 10%,
50% and 90% (T10, T50 and T90). A completed screening of Pd loadings
(0.25, 0.5, 1.0, and 2.0 wt%) has revealed that the optimum Pd content

Fig. 5. (A) H2-TPR and (B) O2-TPD profiles of (a) 0.5Pd/Co1Ni4 and (b) 0.5Pd/M-Co1Ni4.
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is 0.5 wt% under our experimental conditions, so we chose this loading
content and further investigated the effect of our strategy on the per-
formance.

As shown in Fig. 6 and Table 2, bare Co1Ni4 binary oxide was in-
trinsically active for the oxidation of CH4, exhibiting a T90 temperature
of 402℃. The introduction of silicon species resulted in a slight re-
duction in the activity of M-Co1Ni4 (T90 = 385℃), which might be
relevant to the coverage of active sites of inert SiO2. With the loading of
palladium phases, 0.5Pd/Co1Ni4 did not show a significant improve-
ment on light-off activity compared to pure Co1Ni4. However, it is

important to note that 0.5Pd/M-Co1Ni4 possessed a much better activity
than the other three samples, having achieved 90% methane conversion
at 323℃. To evaluate the inherent catalytic activity more accurately,
the specific reaction rate at a desired temperature (260℃) of the four
samples were also calculated and shown in Table 2. Clearly, 0.5Pd/M-
Co1Ni4 gave the highest value of 1.36 μmol/(gcat·s), and the reaction
rates in increasing sequence is as follows: M-
Co1Ni4 < Co1Ni4 < 0.5Pd/Co1Ni4 < 0.5Pd/M-Co1Ni4.

Overall, our test results demonstrated that the presence of silicon
phase effectively improved the utilization of Co1Ni4 carrier and active
palladium phase, while the combination of Co1Ni4 mixed oxide and Pd
(or Si) alone did not achieve high catalytic efficiency towards methane
combustion. Over the last ten years, a considerable number of sup-
ported palladium catalysts have been developed for CCM, and their
performance in terms of T50 and T90 are summarized in Table 3. In spite
of the relatively lower loading of noble metal (0.5 wt%) and higher
space velocity (60,000 mLg-1h−1), 0.5Pd/M-Co1Ni4 gave a performance
close to that of 2.94Au0.5Pd/meso-Co3O4 [28], which was better than
those of 2.0Pd/LaFeO3 [3], 3.0Pd/Co3O4 [26], 2.0Pd/o-CeO2 [6],
0.5Pd/κ-CZ [25], etc.

Besides low-temperature activity, thermal stability is another

Fig. 6. Methane conversion as a function of temperature over (a) 0.5Pd/Co1Ni4, 0.5Pd/M-Co1Ni4 and (b) Co1Ni4, M-Co1Ni4. Reaction conditions: catalyst quan-
tity = 20 mg, GHSV = 60,000 mLg-1h−1, feed steam consisted of 1 vol% CH4 and 99 vol% air.

Table 2
Catalytic performance of tested samples.

Catalyst T10 [℃] T50 [℃] T90 [℃] Specific reaction ratea [μmol/
(gcat·s)]

Co1Ni4 274 341 402 0.43
M-Co1Ni4 308 374 442 0.18
0.5Pd/Co1Ni4 266 328 385 0.55
0.5Pd/M-Co1Ni4 243 292 323 1.36

a. Methane combustion at 260℃.

Table 3
A literature review of methane combustion activity over supported Pd catalysts in terms of T50 and T90.

Catalyst Concentration of CH4 [vol%] GHSV [mLg-1h−1] T50 [℃] T90 [℃] Content of noble metal [wt%] Reference

Pd/LaFeO3 1.0 18,400 460 600 2.0 [3]
Pd@CeO2/H-Al2O3 0.5 200,000 320 370 1.0 [23]
Pd/LaMnO3 1.0 20,000 425 500 1.5 [51]
AuPd/meso-Co3O4 2.5 20,000 280 324 3.0 [28]
Au Pd/3DOM LSMO 5.0 50,000 314 336 3.0 [52]
Pd/Co3O4 2.0 12,000 333 ~370 3.0 [26]
Pd/o-CeO2 1.0 30,000 309 348 2.0 [6]
Pd/m-zeolite 1.0 69,000 355 375 0.5 [53]
Pd/κ-CZ 1.0 30,000 ~305 345 0.5 [25]
Pd/M-Co1Ni4 1.0 60,000 292 323 0.5 Present work
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important index when evaluating methane combustion catalysts.
Therefore, the on-stream methane oxidation over our best-performing
0.5Pd/M-Co1Ni4 catalyst was conducted at temperatures of 300℃ and
600℃, as shown in Fig. 7. Although it has been reported that NiCo2O4

would decompose to NiO above 400℃ [19], 100% methane conversion
was maintained within 60 h during the on-stream reaction at 600℃,
illustrating an excellent stability of 0.5Pd/M-Co1Ni4 under elevated
temperature. Interestingly, one could also observe that the conversion
of methane increased slightly in the first 10 h during the isothermal
continuous experiment at 300℃, a result possibly due to the restruction
and in situ formation of active sites under the reaction condition.

Experiments in which the hydrothermal stability of 0.5Pd/M-Co1Ni4
was examined through 30 h on steam methane combustion in the
presence of 5.0 vol% water were also completed, as shown in Fig. 8. The
water-resistance capability of 0.5Pd/M-Co1Ni4 was low at 300℃, over
which the conversion of methane reduced from 58% to 29%, proving
that the amorphous SiO2 might be poor in hydrothermal stability. When
the water vapor was cut off, the CH4 conversion gradually restored to
54%, which was still lower than its initial value in the absence of water.
As the temperature rose to 600℃, the addition of 5.0 vol% water vapor
cannot significantly affect the catalytic activity of 0.5Pd/M-Co1Ni4
anymore, only slight deterioration was observed and the conversion
could recover completely after the removal of water.

4. Conclusion

In this work, ultrafine palladium nanoparticles were supported on
surface-modified Co1Ni4 oxide and employed as a high-performance
CCM catalyst. Through a simple reflux process, the alkyl chains of
TEOOS successfully attached on the surface of Co1Ni4 support and
eventually evolved into amorphous SiO2 phase, as confirmed by
HRTEM, transmission FTIR and Si 2p XPS spectra. Catalytic tests on
lean methane oxidation revealed that such a surface modification
strategy significantly promoted the low-temperature performance of
0.5Pd/M-Co1Ni4, over which the temperature required for 90% me-
thane conversion was 323℃, while providing excellent thermal stability
at 600℃. The physicochemical properties of selected samples were
further substantiated through various characterization techniques. The
results revealed that the support modification effectively altered the
interaction between palladium and Co1Ni4 support, as reflected by the
higher Pd4+/Pd2+ but lower Co3+/Co2+ ratios in 0.5Pd/M-Co1Ni4
when compared to 0.5Pd/Co1Ni4. Moreover, combined with the ana-
lysis of H2-TPR and O2-TPD profiles, it can be deduced that the in-
troduced silicon species improved the low temperature reducibility and
the amount of reactive adsorbed oxygen as well, which helped in the
supply of abundant oxygen species during the oxidation reaction. All
these factors contributed to the enhanced performance of 0.5Pd/M-
Co1Ni4 catalyst in the lean methane combustion.
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