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Abstract: Three-dimensionally ordered macroporous (3DOM) CoCr,0,4 and its supported bimetallic Au, Pt nanocatalysts
(xAu,Pt/3DOM CoCr,04, x = 0.49, 0.98, and 1.92 wt%; Au/Pt molar ratio (y) = 0.99, 0.98, and 1.01) were prepared using
the polymethyl methacrylate-templating and polyvinyl alcohol-protected reduction methods, respectively.
Physicochemical properties of the samples were characterized by means of various techniques. Catalytic activities of the
XxAu,Pt/3DOM CoCr,04 samples were evaluated for methane combustion. It is found that the 3DOM CoCr,0O4 support
possessed a single-phase and cubic spinel-type crystal structure, the xAu,Pt/3DOM CoCr,0, samples displayed a high-
quality 3DOM architecture and a surface area of 32-33 m?/g, and the Au,Pt nanoparticles (NPs) with a size of 3-5 nm
were well dispersed on the 3DOM CoCr,0, surface. The loading of an appropriate amount of Au,Pt NPs could enhance
the adsorbed oxygen species concentration and low-temperature reducibility of the sample. Among all of the samples,
0.98Au( 9sPt/3DOM CoCr,0, showed the best catalytic performance: the Tigy, Tso%, and T, (temperatures required for
achieving methane conversion of 10, 50, and 90 %, respectively) were 253, 315, and 354 °C at a space velocity of
20,000 mL/(g h). It is concluded that the good activity of 0.98Au,¢sPt/3DOM CoCr,O, was associated with its highly
dispersed AuggsPt NPs, high adsorbed oxygen species concentration, good low-temperature reducibility, and strong

interaction between Aug¢sPt NPs and 3DOM CoCr,0;,.

Keywords: Three-dimensionally ordered macropore, spinel-type cobalt chromate, bimetallic gold-platinum
nanoparticle, supported noble metal catalyst, methane combustion.

1. INTRODUCTION

Methane is widely used in chemical industries,
transportation activities, and private families [1,2].
Methane can induce a strong greenhouse effect with a
global warming potential 20 times higher than that of
CO;, [3]. To meet the strict emission regulations, efforts
are required to be made in developing efficient
strategies for reducing methane emissions. Catalytic
combustion is a promising technology that can convert
methane into CO, and H,O at low temperatures [4].
Therefore, it is highly desirable to find out
heterogeneous catalysts that can efficiently eliminate
the emission of methane.

Supported noble metal (e.g., Pd and Pt) catalysts
perform well for methane combustion at low
temperatures [5]. For example, Hu et al. [6] observed a
high activity of 5 wt% Pd/Co;0, nanosheets for
methane combustion, and assigned the good
performance to the existence of a strong interaction
between Pd** and Co3;O,. Han and coworkers [7]
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claimed that the good activity of Pd/y-Al,O3 for CHy4
combustion was due to formation of the PdO, at the top
layers above 250 °C. Doping of a less cheap metal to
Pd or Pt, one can generate a bimetallic catalyst. Au is
an ideal candidate. The doping of Au to Pd or Pt can
greatly enhance the catalytic activity and stability.
There have been several reports on the use of Au-Pd
nanoparticles (NPs) in the oxidation of toluene,
alcohols, and methane [8-11]. For instance, Hutchings
and coworkers [11] investigated the Au-Pd/TiO,
catalysts for the oxidation of primary alcohols, and
concluded that the Au could act as an electronic
promoter for Pd. Chen et al. [10] found a promotional
effect of Au in the Au-Pd alloy catalyst, and pointed out
that the Au could isolate the Pd site. The catalytic
performance of the Pd-based materials for methane
lean-burn combustion at low temperatures could be
enhanced if the Pd was alloyed with other metals (e.g.,
Pt [12]). The Pt was found to be more active under the
rich-burn conditions but less active under lean-burn
conditions than the Pd catalysts [13]. Several works
[14-18] reported that substituting Pt for Pd could
generate a catalyst that exhibited enhanced activity
and stability. Transition-metal oxides are usually used
as active catalysts and good supports. Among the
transition-metal oxide catalysts, Cr-based spinel-type
oxides (e.g., CoCr,O,) show moderate catalytic
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activities in methane combustion [19-21]. For example,
Li and coworkers [20] reported that cobalt—chromium
oxide with a Co/Cr atomic ratio of 1 : 2 performed well
for CH, combustion.

In recent years, three-dimensionally ordered
macroporous (3DOM) materials have gained much
attention in catalysis, because they have several
advantages of high surface areas, easy mass transfer,
and suitability for dispersion of active components. To
the best of our knowledge, there have so far been no
reports in the literature on the preparation and catalytic
activities of 3DOM CoCr,0O4-supported Au,Pt NPs for
methane combustion. In this work, we adopted the
polymethyl methacrylate (PMMA)-templating and
polyvinyl alcohol (PVA)-protected reduction strategies
to generate the 3DOM CoCr,O, and xAu,Pt/3DOM
CoCry,04 nanocatalysts, characterized their
physicochemical properties, and evaluated their
catalytic activities for methane combustion. It is found
that the 0.98 wt% AuggesPt/3DOM CoCr,O, sample
performed the best for the addressed reaction.

2. EXPERIMENTAL
2.1. Catalyst Preparation

The well-arrayed PMMA microspheres with an
average diameter of ca. 300 nm were synthesized
according to procedures described elsewhere [22].

The 3DOM CoCr,0,4 support was fabricated using
the PMMA-templating method. In a typical procedure,
6.66 mmol of Co(NOj3),6H,O and 13.32 mmol of
Cr(NO3)39H,O were dissolved in 10 mL of
poly(ethylene glycol) (MW = 400 g/mol) and methanol
solution (poly(ethylene glycol)/methanol volumetric
rato = 1.0 : 9.0) at room temperature (RT) under
stirring for 30 min to obtain a transparent solution.
Then, 2.00 g of the PMMA template was soaked in the
above precursor solution for ca. 30 min. After that, the
mixture was filtered and dried at RT for 48 h. The as-
obtained powders were calcined in N, (100 mL/min) at
a ramp of 1 °C/min from RT to 300 °C and maintained
at 300 °C for 2 h, then cooled to RT, calcined in air
(100 mL/min) at a ramp of 1 °C/min from RT to 300 °C
and maintained at 300 °C for 2 h, and finally heated to
500 °C and maintained at 500 °C for 4 h, thus obtaining
the 3DOM CoCr,0, support.

The 3DOM CoCr,0,-supported Au, Pt, and Au,Pt
(xAu/3DOM  CoCr,0,4, xPt/3DOM CoCr,04, and
xAu,Pt/3DOM CoCr,04) samples were prepared using

the PVA-protected reduction strategy. The typical
preparation procedure is as follows: A certain amount
of PVA aqueous solution (2.00 g/L) was added to
HAuCl, (1.50 mmol/L) aqueous solution, H,PtClg (1.50
mmol/L) aqueous solution, and HAuCl, (1.50 mmol/L)
and H,PtClg (1.50 mmol/L) mixed aqueous solution
(Au/PVA mass ratio = 1.5 : 1.0 (mg/mg), Pt/PVA mass
ratio = 1.5 : 1.0 (mg/mg); the Au/Pt theoretical molar
ratio = 1.0; and the Au, Pt, and Au,Pt theoretical
loadings (x) were 0.50, 0.50, 0.50, 1.00, and 2.00 wt%,
respectively) in a ice bath under vigorous stirring for 30
min. Then, an appropriate amount of NaBH, aqueous
solution (2.00 g/L) was quickly injected into the mixed
noble metal aqueous solution, generating a dark-brown
sol. Subsequently, 0.30 g of the 3DOM CoCr,04
support was then added to the dark-brown sol and
vigorously stirred for 6 h. Afterwards, the mixture
solution was filtered and washed with deionized water
until there was no CI” ions in the supernatant were
detected using an AgNO; aqueous solution (0.10
mol/L). The obtained wet solid was dried at 80 °C for
10 h, and calcined in a muffle furnace at a ramp of
1 °C/min from RT to 500 °C and maintained at this
temperature for 4 h, thus obtaining the xAu,Pt/3DOM
CoCr,04 samples. The results of inductively coupled
plasma atomic emission spectroscopic (ICP-AES)
investigations reveal that the actual loadings of noble
metals were 0.49, 0.48, 0.49, 0.98, and 1.92 wt% in
xAu/3DOM  CoCr;04, xPt/3BDOM CoCr;04, and
xAu,Pt/'3DOM  CoCr;0,, respectively, and the
corresponding actual Au/Pt molar ratios in
xAu,Pt/3DOM CoCr,O4 were 0.99, 0.98, and 1.01.

All chemicals (A.R. in purity) were purchased from
Beijing Chemical Reagent Company and used without
further purification.

2.2. Catalyst Characterization

The actual noble metal loadings in the samples
were measured using the ICP-AES technique on a
Thermo Electron IRIS Intrepid ER/S spectrometer. X-
ray diffraction (XRD) patterns of the samples were
determined on a Bruker D8 Advance diffractometer
with Cu Ka radiation and nickel filter (4 = 0.15406 nm).
Scanning electron microscopic (SEM) images of the
samples were taken on a Gemini Zeiss Supra 55
equipment (operating at 10 kV). Transmission electron
microscopic (TEM) images of the samples were
recorded on a JEOL-2010 apparatus (operating at 200
kV). BET (Brunauer-Emmett-Teller) surface areas and
pore-size distributions of the samples were determined
via N, adsorption at —196 °C on a Micromeritics ASAP
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2020 analyzer, with the samples being out gassed at
250 °C for 2 h under vacuum before measurement. X-
ray photoelectron spectroscopy (XPS, ESCALAB 250
Xi, Thermo Fisher Scientific) was used to determine the
Co 2p, Cr 2p, O 1s, Au 4f, Pt 4f, and C 1s binding
energies (BEs) of surface species using Al Ka
(hv = 1486.6 eV) as the excitation source.

H, temperature-programmed reduction (H>-TPR)
experiments of the samples were conducted on a
chemical adsorption analyzer (Autochem Il 2920,
Micromeritics). Before H,-TPR measurement, ca. 50
mg of the sample (40-60 mesh) was charged to a
quartz fixed-bed U-shaped microreactor (i.d. = 4 mm)
and pretreated in O, flow (20 mL/min) at 300 °C for 1 h.
After being cooled to RT in the same atmosphere, the
sample was purged with He (30 mL/min) for 15 min.
Finally, the pretreated sample was exposed to a 5%
H2-95% Ar (v/v) mixture (50 mL/min) and heated at a
ramp of 10 °C/min from RT to 700 °C. The change in
effluent H, concentration was monitored online by the
chemical adsorption analyzer. The reduction peak was
calibrated against that of the complete reduction of a
standard CuO (Aldrich, 99.995%) sample.

2.3. Catalytic Evaluation

Catalytic activities of the samples were evaluated in
a continuous flow fixed-bed quartz tubular microreactor
(i.d. = 6.0 mm). 50 mg of the sample (40-60 mesh) was
diluted with 0.25 g of quartz sands (40-60 mesh). Prior
to the measurement, the sample was pretreated in an
O, flow of 20 mL/min at 300 °C for 1 h. After being
cooled to a given temperature, the reactant gas

containing methane was passed through the catalyst
bed. The reactant mixture gas was 2.5 vol% CH,
+ 20 vol% O, + 77.5 vol% N, (balance), and the total
flow was 16.7 mL/min, giving a space velocity (SV) of
ca. 20,000 mL/(g h). In the case of water vapor
introduction, 5.0 vol% H,O was introduced by passing
the feed stream through a water saturator at a certain
temperature. In the case of CO; introduction, 2.5 or 5.0
vol% CO, from a CO, cylinder (balanced with N;) was
introduced to the reaction system through a mass flow
controller. Reactants and products were analyzed
online by gas chromatography (GC-14C, Shimadzu)
equipped with a flame ionization detector (FID) and a
thermal conductivity detector (TCD), using a stabilwax
column (30 m in length) for methane separation and a
Carboxen 1000 column (3 m in length) for permanent
gas detection. The balance of carbon throughout the
catalytic system was estimated to be 99.5 + 1.5%.
Catalytic activities of the samples were evaluated using
the temperatures (Ti0%, Tso%, and Tgoy) required for
achieving methane conversions of 10, 50, and 90%,
respectively. CH, conversion was defined as (Ciet —
Coutlet)/Ciniet X 100%, where the Cinet and Coutet are CHy
concentrations of the inlet and outlet feed stream,
respectively.

3. RESULTS AND DISCUSSION
3.1. Physical Properties of the Samples

According to the results (Table 1) of ICP-AES
characterization, the xAu/3DOM CoCr,QO4, xPt/3DOM
CoCr,04, and xAu,Pt/3DOM CoCr,04 samples can be
denoted as 0.49Au/3DOM CoCr,O4, 0.48Pt/3DOM

Table 1: Surface Areas, Pore Diameters, Pore Volumes, Average Noble Metal Particle Sizes, Nominal and Actual Noble
Metal Contents, and Actual Au/Pt Molar Ratios of the As-Prepared Samples
Surface Pore Pore Average noble Nominal noble Actl:;tr;?ble Actual
Sample area diameter® volume metal particle metal content content® Au/Pt
(m®/g) (nm) (cm’/g) size” (nm) (Wt%) (%) molar ratio®
0
3DOM CoCr,0, 33.2 120-180 0.029 - - - -
0.49Au/3DOM CoCr,0, 34.5 120-180 0.030 3.4 0.50 0.49 -
0.48Pt/3DOM CoCr,04 34.3 120-180 0.030 3.5 0.50 0.48 -
0.49AU0.5PY3DOM 328 120-180 0.029 2.7 0.50 0.49 0.99
COCr204
0.98AUs.5sPY3DOM 33.1 120-180 0.029 3.0 1.00 0.98 0.98
COCr204
1.92AU1.0,PYSDOM 32.1 120-180 0.028 45 2.00 1.92 1.01
COCr204

? Data were estimated according to the SEM images of the samples;

®Data were estimated according to the noble metal particles in the TEM images of the samples;

¢ Data were determined by the ICP-AES technique.
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COCI"204, 0.49AUO_ggPt/3DOM COCI"204, 0.98AUO_93
Pt/3DOM CoCr,04, and 1.92Au; 1Pt/3DOM CoCr,0q,
respectively.
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Figure 1: XRD patterns of (a) 3DOM CoCr204, (b)
0.49Au/3DOM CoCr04, (c) 0.48Pt/3DOM CoCr204, (d)
0.49Au09oPt/3DOM  CoCr204, (e) 0.98AuggesPt/3DOM
CoCr204, and (f) 1.92Au1.01Pt/3DOM CoCr20s4.

Figure 1 illustrates the XRD patterns of the as-
fabricated samples. By comparing the XRD patterns of
these samples with that of the standard CoCr,0O4

sample (JCPDS PDF # 22-1084), one can realize that
the single-phase CoCr,0, in the 3DOM CoCr,04 and
its supported noble metal samples was of cubic spinel-
type crystal structure, and all of the Bragg diffraction
peaks were well indexed (Figure 1f). The loading of Au,
Pt or Au,Pt NPs did not give rise to a change in crystal
phase of 3DOM CoCr,04. No crystal phases
assignable to the Au, Pt or Au,Pt NPs were recorded,
demonstrating that the noble metal NPs were uniformly
dispersed on the surface of 3DOM CoCr,04. No
detection of noble metal phases might be due to low
loadings and high dispersion of noble metal NPs. It
should be noted that an alloy of Au,Pt might be formed
in Au,Pt NPs of the Au,Pt/3DOM CoCr,04 samples due
to the similarity in synthesis method of Au,Pt NPs and
Au-Pd NPs [23-25], in which an Au-Pd alloy was
confirmed to be generated. Figure 2 shows the SEM
images of the samples. It is clearly observed that the
3DOM CoCr,04 and its supported noble metal samples
possessed a high-quality 3DOM structure with a
macropore size of 120-180 nm. The loading of noble
metal NPs did not induce a significant alteration in
macropore structure of 3DOM CoCr,O4. As shown in
the TEM images (Figure 3), the Au, Pt or Au,Pt NPs
were uniformly deposited on the surface of 3DOM
CoCr,04. The sizes of Au, Pt or Au,Pt NPs were in the
range of 3-5 nm. By statistically analyzing the sizes of

Figure 2: SEM images of (a) 3DOM CoCr,0s4, (b) 0.49Au/3DOM CoCr,04, (c) 0.48Pt/3DOM CoCr,04, (d) 0.49Aup eoPt/3DOM
CoCr;04, (e) 0.98AuUo.ssP3DOM CoCr,04, and (f) 1.92Aus.0:P/3DOM CoCr,04.
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Figure 3: TEM images of (a) 0.49Au/3DOM CoCr204, (b) 0.48Pt/3DOM CoCr204, (c) 0.49Au0eoPt/3DOM CoCr204, (d)
0.98Au0.9sP/3DOM CoCr204, and (e) 1.92Au1.01Pt/Y3DOM CoCr20s4.
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Figure 4: Noble metal particle size distributions of (A) 0.49Au/3DOM CoCr04, (B) 0.48Pt/3DOM CoCr.04, (C)
0.49Au0.99Pt/3DOM CoCr204, (D) 0.98Aug.9sPt/3DOM CoCr204, and (E) 1.92Au1.01P/3DOM CoCr20s4.

100 particles in the TEM images of the supported noble 1.92Au4¢/Pt/3DOM CoCr,0, were 3.4, 3.5, 2.7, 3.0,
metal samples, one can obtain the particle size and 4.5 nm, respectively.

distributions of noble metal NPs, as shown in Figure 4.

The average sizes of noble metal NPs in 0.49Au/3DOM Figure 5 shows the N, adsorption-desorption
CoCr,04, 0.48P1/3DOM CoCr;04, 0.49AuggoPt/3DOM isotherms and pore-size distributions of the samples,
CoCr,0y4, 0.98Aug 9sPt/3DOM CoCr,0,, and and their textural properties are summarized in Table 1.
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Figure 5: (A) N> adsorption-desorption isotherms and, (B) pore-size distributions of, (a) 3DOM CoCr204, (b) 0.49Au/3DOM

CoCr,0s, (c) 0.48PY3DOM CoCr,Os, (d)
1.92Au1,01Pt/3DOM CoCr,Os.

It is observed from Figure 5A that all of the samples
showed a type Il isotherm with a type H3 hysteresis
loop in the relative pressure (p/py) range of 0.8-1.0,
indicating the presence of a macroporous structure in
each sample. From the pore-size distributions of the
samples (Figure 5B), one can see that each sample
possessed a pore-size distribution in the ranges of 2-10
and 100-200 nm, respectively. The mesopores or
nanocaves in the pore size of 2-10 nm on the skeletons
of 3DOM CoCr,0, might be formed after the
poly(ethylene  glycol)-containing  precursor  was
calcined. BET surface area and pore volume of 3DOM
CoCr,04 were 33.2 m?/g and 0.029 cm®/g, respectively.
After loading of Au, Pt or Au,Pt NPs, there were no
significant changes in surface area and pore volume
(32.1-34.5 m*/g and 0.028-0.030 cm®/g, respectively).

3.2. Surface Element composition, Metal Oxidation
State, and Oxygen Species

XPS is an effective technique to investigate the
surface element compositions, metal oxidation states,
and adsorbed species of a catalyst. Figure 6 shows the
Co 2p3p, Cr 2psp, O 1s, Au 4f, and Pt 4f XPS spectra of
the samples. There was an asymmetrical Co 2pz, XPS
signal of each sample that could be decomposed to
two components at BE = 780.8 and 7834 eV
(Figure 6A), attributable to the surface Co®" and Co**
species [26], respectively. The presence of surface
Co* species in the samples was verified by the

0.49Au0.00Pt/3DOM CoCr204, (e)

0.98Aug.0sPt/3DOM CoCr204, and (f)

appearance of a satellite at BE = 787.3 eV. The
surface Co>*/Co®" molar ratios of the samples are
summarized in Table 2. The surface Co>*/Co®* molar
ratio significantly decreased from 2.92 to 2.42-2.80
after the loading of Au, Pt or Au,Pt NPs. In other words,
the 3DOM CoCr,0O4 in the supported noble metal
samples would possess higher oxygen vacancy density
in the surface vicinity of 3DOM CoCr,04 [27]. The
asymmetrical Cr 2p;, XPS spectrum of each sample
was decomposed into three components at
BE = 575.4, 576.6, and 578.3 eV (Figure 6B) that were
assigned to the surface Cr(OH); or Cr,O3 [28], cr
(occupied octahedral sites) [20,29], and cr* [20,30,31]
species, respectively. The Cr®/Cr** molar ratio
decreased from 0.53 to 0.44-0.52 (Table 2) when the
noble metal NPs were loaded on the surface of 3DOM
CoCry0;4.

As shown in Figure 6C, the asymmetric O 1s XPS
signal could be deconvoluted to three components at
BE = 530.1, 531.5, and 532.9 eV that were ascribed to
the surface lattice oxygen (Oi), adsorbed oxygen
(Oags, €.9., Og, 0,> or O7), and adsorbed water or
carbonate species [32, 33], respectively. It has been
reported that the O,4s Species played an important role
in the combustion of organic compounds [32]. With the
loading of noble metal NPs, the O,4s/Ot molar ratio
increased, with the 0.98AuggsPt/3DOM CoCr,04
sample possessing the highest O.4s/O molar
ratio (0.63).
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Figure 6: (A) Co 2ps;2, (B) Cr 2p3;2, (C) O 1s, (D) Au 4f, and (E) Pt 4f XPS spectra of (a) 3DOM CoCr204, (b) 0.49Au/3DOM
CoCr04, (c) 0.48Pt/3DOM CoCr;04, (d) 0.49Aupg9Pt/3DOM CoCr:0s4, (e) 0.98AuggsPt/3DOM CoCr04, and (f)
1.92Au1 01P/3DOM CoCr20s.

Table 2: Surface Element Compositions and H, Consumption of the Samples

3+ 2+ 4+ 0 .
Sample n1c<;)lall'cr:tio Cr*/Cr®* molar | Oyuy/Opq molar | Au*/Au® molar | "t Il:;ti?olar “;;z"f:&"}gi"
(mol/mol) ratio (mol/mol) | ratio (mol/mol) | ratio (mol/mol) (mol/mol) (mmolig)

3DOM CoCr,04 2.92 053 052 _ _ 0.25

0'48'2‘31 380“" 2.80 0.48 053 0.16 - 0.19
24

o.4g§gragom 262 0.46 0.54 - 0.68 0.26
24

°'49Aé‘gégfg3DOM 2,56 0.47 0.56 0.22 0.56 0.29
24

°'98Aé‘gg’fg3DOM 2.42 0.44 0.63 0.35 0.78 052
24

192”&8??'30'\" 248 052 0.55 0.28 0.76 0.74
24

? Data were estimated by quantitatively analyzing the reduction peaks in the H,-TPR profiles.

The Au 4f XPS spectrum of each sample could be BE = 83.5 and 87.4 eV were assignable to the surface
decomposed into four components at BE = 83.5, 84.6, metallic gold (Au®) species, while the ones at BE = 84.6
87.4, and 88.3 eV (Figure 6D). The components at and 88.3 eV were attributable to the surface oxidized
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gold (Au?) species [23, 34]. As shown in Figure 6E, the
Pt 4f spectrum of each sample could be deconvoluted
into four components at BE = 71.4, 72.5, 74.6, and
75.7 eV. The components at BE = 71.4 and 74.6 eV
were ascribed to the surface metallic platinum (Pto)
species, whereas the ones at BE = 72.5 and 75.7 eV
were attributed to the surface oxidized platinum (Pt‘“)
species [35]. Apparently, the Au®/Au’ or Pt*"/Pt° molar
ratio increased but the Co®"/Co®" and Cr**/Cr** molar
ratios decreased with the loading of Au,Pt NPs, a result
possibly due to the strong interaction between noble
metal NPs and 3DOM CoCr,0, (Au’ or Pt + Co**
(Cr®") > Au? or Pt*" + Co®* (Cr*")) [23,36].

3.3. Reducibility

H,-TPR is an effective technique to investigate the
reducibility of a catalyst. Figure 7A illustrates the H,-
TPR profiles of the samples. For the 3DOM CoCr,0,4
sample, there were three reduction peaks at 282 and
467 °C and above 620 °C. The reduction peaks at 282
and 467 °C were due to the reduction of Cr** to Cr**
and/or Co>* to Co®* on the surface and in the bulk of
3DOM CoCr,0,4 [30, 37], respectively, whereas the
reduction peak above 620 °C was due to the reduction
of Co®" to the metallic Co® [38]. After loading of Au, Pt
or Au,Pt NPs, the reduction peaks of the samples
shifted to lower temperatures. Such a significant shift in
the first reduction peak was associated with the
promotional reduction of Cr®" to Cr’* and/or Co>* to
Co™ by the dissociated adsorption of H, molecules on
the surface of noble metal NPs in the samples.
Therefore, the reduction peaks at 51-122 and 252-259

(A) 250°C

486°C

H; consumed (a.u.)
=
B

282°C

Temperature (°C)

°C could be attributed to the reduction of Cr®* to Cr**
and/or Co®" to Co** as well as the reduction of cationic
Au or Pd and surface O, species, whereas the
reduction peaks at 470-487 and 615-637 °C or above
600 °C were ascribed to the reduction of bulk Cr®* to
Cr’* and Co* to Co°. After quantitative analysis on the
reduction peaks in the H,-TPR profiles, the H,
consumption (Table 2) of the samples can be obtained.
The H, consumption of the xAu,Pt/3DOM CoCr,O4
samples increased with the loading of Au, Pt NPs.
Generally speaking, the H, consumption refers to the
H, amount consumed during the reduction process,
whereas the initial H, consumption rate refers to the H,
consumption rate at the initial reduction stage (less
than 25% oxygen in the sample is consumed for the
first reduction peak [39]) of a sample. Usually, there is
no direct relation between H, consumption and initial
H, consumption rate, but the latter can be used to
evaluate the low-temperature reducibility of a sample.
Figure 7B shows the initial H, consumption rate versus
inverse temperature of the samples. Obviously, the
low-temperature reducibility decreased in the order of
0.98Aug osPt/3DOM CoCr,04 > 1.92Auq1Pt/3DOM
CoCr,04 > 0.48Pt/3ADOM CoCr;0s > 0.49Augg
Pt/3DOM CoCr,04 > 0.49Au/3DOM CoCr,O4 > 3DOM
CoCr,04, which was in basic agreement with the
sequence in catalytic activity (shown below), except
that the low-temperature reducibility of 0.48Pt/3DOM
CoCr,0, was lower than that of 1.92Au,,Pt/3DOM
CoCr,04, which might be due to the contribution of a
much higher noble metal loading and additional
oxidized Au species in the latter sample.

®)

(a)

Initial Hz consumption rate (IU4mulf(;_',.-,; s))

1000/T (K1)

Figure 7: (A) H2-TPR profiles and (B) initial H> consumption rate of, (a) 3DOM CoCr204, (b) 0.49Au/3DOM CoCr204, (c)
0.48Pt/3DOM CoCr204, (d) 0.49Aup.99Pt/3DOM CoCr204, (€) 0.98Aup 9sPt/3DOM CoCr204, and (f) 1.92Au1,01P¥3DOM CoCr,04.
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0.49Au/3DOM CoCr204, (A) 0.48Pt/3DOM CoCr204, () 0.49Aug.99Pt/3DOM CoCr204, (O) 0.98Aup.9sPt/3DOM CoCr204, and

(A) 1.92Au101Pt/3DOM CoCr,04 at SV = 20,000 mL/(g h).
3.4. Catalytic Performance

In the blank experiment (only quartz sands were
loaded in the microreactor), there were no significant
methane conversions (< 1%) at temperature < 500 °C
and SV = 20,000 mL/(g h). In other words, no
considerable gas-phase reaction existed in the catalytic
system. Figure 8A shows the catalytic activities of the
samples for methane combustion. To better compare
the activities of all of the samples, we use the reaction
temperatures (Ti0%, Tso%, and Tgoy) at methane
conversion = 10, 50, and 90%, respectively, as
summarized in Table 3. It is observed that the 3DOM
CoCr,04-supported noble metal samples (Tyqy, = 253-
313 °C, Tso9% = 315-387 °C, and Tgy, = 354-428 °C)

exhibited better catalytic activities than the 3DOM
CoCr,0, support (Tyge = 325 °C, Tse9, = 393 °C, and
Toows = 441 °C), indicating that the loading of noble
metal NPs was beneficial for the enhancement in
performance of the sample. Among these samples, the
0.98Aug9gPt/3DOM CoCr,O, sample showed the
highest activity: Tio9 = 253 OC, Tso9, = 315 OC, and Tggo,
= 354 °C at SV = 20,000 mL/(g h). Compared to the
other samples, 0.98Aug ggPt/3DOM CoCr,O,4 possessed
higher surface Oags/Ot, Au’/Au’, and Pt*/Pt° molar
ratios (Table 2). It was reported that a larger amount of
surface O,4s species benefits the combustion of
organics [40], and higher surface Au® and pt*
concentrations could improve the low-temperature
reducibility (Figure 7). Therefore, the best catalytic

Table 3: Catalytic Activities and Specific Reaction Rates at 340 °C of the Samples at SV = 20,000 mL/(g h)

Methan: C.ombustion Methane Combustion at 340 °C
ctivity
Sample Toon Toon Toos Specific Reaction Rate Specific Reaction Specific Reaction
ccy | (e | (o) (kMOl/(gea: S)) Rate Rate
HmOHGen (umol/(ga, s)) (umol/(ge s))
3DOM CoCr,0, 325 393 441 0.91 - -
0.49AU/3DOM CoCr,0, 313 387 428 1.14 232 -
0.48Pt/3DOM CoCr,0, 280 349 381 3.02 - 628
0.49AU, 5Pt/3DOM
o0, 309 365 414 1.48 607 601
0.98Au0 5sPUSDOM 253 315 354 456 939 920
COCr204
1.92Au.oP3DOM 295 353 397 199 206 209
COCr204
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performance of 0.98AuggsPt/3DOM CoCr,0, was
associated with its highest concentrations of O,y and
oxidized noble metal species as well as low-
temperature reducibility.

It is well known that there are several kinds of active
sites (e.g., noble metal, transition-metal mixed oxide,
and interface between noble metal NPs and transition-
metal mixed oxide) in the reducible mixed metal oxide-
supported noble metal catalysts. Hence, it is difficult to
calculate the turnover frequencies. According to the
activity data and amounts of catalysts and noble metals
in the samples, we can calculate specific reaction rates
normalized per gram of catalyst, Au or Pt, as shown in
Figure 8B and Table 3. The changing trends in
methane reaction rate versus temperature were rather
similar to those in methane conversion versus
temperature (Figure 8B), and the 0.98Aug¢sPt/3DOM
CoCr,0,4 sample exhibited the highest specific reaction
rate (4.56 pumol/(gear s), 939 umol/(gas s), and 920
umol/(gpt 8)) at 340 °C (Table 3). According to the XPS
and H,-TPR results (Figures 6 and 7 and Table 2), we
deduce that there was a synergistic effect between
Au,Pt NPs and 3DOM CoCr;04, and such a synergistic
action would have an important role to play in the
combustion of methane.

To probe the catalytic stability, we carried out the
40-h on-stream methane combustion over the
0.98Aug ¢sPt/3DOM CoCr,0, sample at 340 °C and
SV = 20,000 mL/(g h), and the result is shown in
Figure 9. Apparently, there was no significant decrease
in methane conversion within 40 h of on-stream

methane combustion. That is to say, the
100
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Figure 9: Methane conversion as a function of on-stream
reaction time over the 0.98Aug 9sPt/3DOM CoCr,04 sample at
340 °C and SV = 20,000 mL/(g h).

0.98Au( gsPt/3DOM CoCr,04 sample was catalytically
stable under the adopted conditions.

There have been a number of reports on the
combustion of methane over various catalysts. Our
098AU093Pt/3DOM COCF204 Sample (Tgo% =402 OC at
SV = 40,000 mL/(g h)) was much higher in catalytic
performance to 4.5 wt% Ru/ZnAl,O, (Te = 580 °C at
SV = 32,000 h’1) [41], similar to 1 wt% Pd/ZrO; (Tggy =
400 °C at SV = 35,000 mL/(g h)) [42], but lower than 3
wt% Pd-Pde-Pt/A|203 (Tgo% = 327 OC at SV = 120,000
mL/(g h)) [16].

3.5. Effects of SV, Water Vapor, and Carbon Dioxide

The effect of SV on methane combustion over the
0.98Aug ggPt/3DOM CoCr,O, sample is shown in
Figure 10. It is observed that methane conversion
decreased with the rise in SV, a result due to the
shortening of contact time.

100

SV (mL/g h))
] 10,000
@ 20,000

L [=.] =]
= (=] =

Methane conversion (%)

(=]
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1350 250 350 450
Temperature ("C)

Figure 10: Effect of SV on methane combustion over the
0.98Aug 9sPt/3DOM CoCr,04 sample.

On-stream methane combustion over the
0.98Aug ggPt/3DOM CoCr,04 sample in the presence
and absence of 5.0 vol% water vapor or 2.5-5.0 vol%
carbon dioxide at 380 °C and SV = 20,000 mL/(g h)
was conducted to examine the effect of moisture or
CO, on catalytic activity, and the result is shown in
Figure 11. It is found that when 5.0 vol% water vapor
was introduced to the feedstock, methane conversion
decreased from ca. 80 to 73%; when water vapor was
cut off, methane conversion was restored to the original
value in the absence of water vapor. The partial
deactivation of the 0.98Aug ¢sPt/3DOM CoCr,0,4 sample
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Figure 11: Effects of (A) water vapor and (B) CO2 on methane conversion over the 0.98Aug.9sPt/3DOM CoCr,04 sample at

340 °C and SV = 20,000 mL/(g h).

in the presence of 5.0 vol% water vapor might be due
to the competitive adsorption of water and methane
molecules on the surface of the sample, and such a
partial deactivation was reversible. Similar phenomena
have been reported by other researchers [8, 24, 25].
After adding 2.5 vol% CO, to the reaction system,
methane conversion was decreased by ca. 2%; when
CO, concentration was switched to 5.0 vol%, methane
conversion was further decreased by ca. 2%. This
result indicates that CO, was weakly adsorbed on the
surface of the catalyst, causing the activity to decrease
slightly. When 5.0 vol% CO, was cut off, methane
conversion was recovered to the original value in the

absence of CO,, suggesting that the partial
deactivation induced by CO, addition was also
reversible.

CONCLUSIONS

The 3DOM CoCr;04, 0.49Au/3DOM CoCr,0s4,
0.48Pt/3DOM  CoCr;0O4, and  (0.49-1.92)Aug gs.
1.01Pt/3DOM CoCr,0, samples with a surface area of
32-35 m®/g could be prepared using the PMMA-
templating and PVA-protected reduction methods,
respectively. The 3DOM CoCr,0, in the samples was
of a cubic spinel-type crystal phase and possessed a
high-quality 3DOM structure. The noble metal NPs with
an average size of 3-5 nm were highly dispersed on the
surface of 3DOM CoCr,04. Among these samples,
0.98Aug gsPt/3DOM CoCr,0, showed the highest Ogqs
species concentration and the best low-temperature
reducibility, thus performing the best (Tsp, = 315 °C

and Ty, = 354 °C) for methane combustion at SV =
20,000 mL/(g h). The introduction of water vapor and
carbon dioxide to the reaction system led to the partial
deactivation of the 0.98AuggsPt/3DOM CoCry,O4
sample, and such a deactivation was reversible.
Therefore, we conclude that the good catalytic activity
of 0.98Aug ¢sPt/3DOM CoCr,0,4 was associated with its
highly dispersed AuggsPt NPs, high O, species
concentration, good low-temperature reducibility, and
strong interaction between AuggsPt NPs and 3DOM
CoCr,0s.
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