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Partial oxidation of methane to synthesis gas
over a-Al,Os-supported bimetallic Pt—Co catalysts
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The partial oxidation of methane to synthesis gas was studied at atmospheric pressure and in the temperature range of 550-800°C
over a-Al,03-supported bimetallic Pt—Co, and monometallic Pt and Co catalysts, respectively. Both methane conversion and CO
selectivity over a bimetadlic Pty 5Co; catalyst were higher than those over monometallic Pty 5 and Co; catalysts. Furthermore, the
addition of platinum in Pt—Co bimetallic catalysts effectively improved their resistance to carbon deposition with no coking occurring
on Ptp5Co; during 80 h reaction. The FTIR study of CO adsorption observed only linearly bonded CO on bimetallic Pt—Co catalysts.
TPR and XPS showed enhanced formation of a cobalt surface phase (CSP) in bimetallic Pt—Co catalysts. The origins of the good coking

resistivity of bimetallic Pt—Co catalysts were discussed.
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1. Introduction

During the last few years, the partia oxidation of
methane (POM) to synthesis gas has again been focused
on since it produces synthesis gas with H,/CO =~ 2,
a composition more suitable for methanol and Fischer—
Tropsch synthesis [1], and aso it is an energy-efficient
process[2]. Many catalysts, including supported nickel and
cobalt [3-7], supported noble metals (Pd, Ir, Rh, Ru and
Pt) [8-11], pyrochore containing noble metals (Ln,Ru,Oy,
Ln = Lanthanide) [12,13] and perovskite oxides (GdCoOs,
LaNiO3) [14,15], have been shown to achieve high conver-
sion of methane and high selectivity to CO and H, for the
POM. However, in the production of synthesis gas from
methane, besides catalytic activity it is very important to
investigate carbon deposition, which may lead to deactiva-
tion of catalysts and plugging of the reactor. Claridge et
al. [16] have found that the relative rate of carbon deposi-
tion during the POM to synthesis gas follows the order of
Ni > Pd > Rh, Ru, Pt, Ir. Very little carbon deposition
was observed over noble metal catalysts, especially those
containing platinum and iridium.

To our knowledge, no bimetallic catalysts have been ap-
plied to the POM to synthesis gas. Bimetalic cataysts
(e.g., PtRe/Al, 03, PtFe/C, PtRU/AIL O3, etc.) are attractive
industrialy for the addition of the second metal may mod-
ify the structure of the monometallic catalyst [17,18], in-
crease the catalytic activity, improve the selectivity and sup-
press catalytic deactivation. The present study employed
a-Al,0O3-supported Pt—Co catalysts in the POM to synthe-
sis gas and investigated the effects of the second metal
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on the catalytic activity and coke formation. The catalysts
were characterized by TEM, TPR, in situ FTIR and XPS,
and the mechanism of the good coking resistivity of the
bimetallic Pt—Co catalysts was discussed.

2. Experimental
2.1. Preparation of catalysts

The catalysts were prepared by incipient wetness im-
pregnation of a-Al,0O3; powder (Alfa) with a solution of
the metal precursors, PtCl, (Merck) and Co(NOg),-6H,0
(Merck). In order to investigate the effect of impregnation
order, 0.5% Pt/1% Col/a-Al,03 (wt%) catalysts were made
by co-impregnation and successive impregnation including
“Pt before Co” and “Co before Pt”. For the co-impregnation
method, the support was impregnated with a mixed aqueous
solution of PtCl, and Co(NOsz),-6H,0. The impregnated
meaterials were dried and calcined in air at 600°C for 5 h.
For the successive impregnation method, the support was
impregnated with the agueous solution of one component,
dried and calcined in air at 600°C for 5 h. It was then
impregnated with the agueous solution of the other com-
ponent, following the same procedure as in the first step.
All other Pt—Co bimetallic catalysts were prepared by the
co-impregnation method. The catalysts were denoted as
Pt.Co,, where z and y are the weight percentages of Pt
and Co loading, respectively. The crystalline phases in as-
prepared and reduced catalysts were characterized by XRD,
as listed in table 1.
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Table 1
XRD detectable crystalline phases in various Pt; Co, catalysts.

Catalyst Crystalline phases

(Pt Coy) As-prepared Reduced
Ptos a-Al,O3 a-Al,03
Pt a-Al,03 a-Al,03
Pts Pt, a-Al,03 Pt, a-Al,03
Coy a-Al,O3 a-Al,03
0025 00304, O{-A|203 a-AlgOg
Cosg C0304, a-Al,03 Co, a-Al>,0O3
Coyo C0304, a-Al,03 Co, a-Al,03
Pty 5Co1 a-Al,O3 a-Al,03
Ptg.5C0z 5 C0304, a-Al,03 a-Al,03
Pty 5Cosg C0304, a-Al,03 a-Al,03
PtsCo1o Co304, Pt, a-Al,03 Co (very Weak), a-Al,03

2.2. Catalytic evaluation

The catalyts were tested at atmospheric pressure in a
continuous-flow quartz microreactor (1.D. 4 mm). In every
experiment 100 mg catalyst (20—35 mesh size) was reduced
in a flow of hydrogen (30 ml/min) at 600°C for 1 h. After
the reduction the feed gases (CH4/O, = 2) were introduced
into the catalyst bed at atotal flow rate of 93 ml/min, which
corresponded to a gas hourly space velocity (GHSV) of
5.6 x 10* cm*g~th~L. In order to efficiently examine the
resistance of the catalysts to carbon deposition, feed gases
with the CH4/O, ratio of 2.5: 1 were also used since car-
bon deposition on the catalysts occurred easily at CH4/O,
ratios higher than stoichiometric ratio [19]. The reaction
temperature was first maintained at 600°C for 3 h to a
steady state. Then it was changed in the range of 500—
800°C. The reaction products were measured on-line by a
gas chromatograph with a molecular sieve 5A column and
a Porapak Q column in series. The catalysts were evaluated
in terms of methane conversion and CO selectivity, which
were calculated based on the carbon numbers.

2.3. Characterization of catalysts

The amount of carbon deposited on the catalysts was
measured in situ by mass spectrometry (Balzers QME 200),
as previously described in detail [7].

Temperature-programmed reduction (TPR) was applied
to monitor the reduction of the catalysts. The sample
(200 mg) was outgassed at 750°C in a flow of helium. Af-
ter it cooled down to room temperature the carrier gas was
changed to 10% Ha/Ar flow (40 ml/min), and the tempera-
ture was linearly increased to 800 °C at arate of 15°C/min.
The amount of H, consumed was measured as a function
of temperature by a thermal conductivity detector.

X-ray powder diffraction (XRD) experiments were car-
ried out on a Philips PW 1710 X-ray diffraction spectrom-
eter using a Cu Ko radiation source. X-ray photoelectron
spectra were acquired with a VG ESCALAB MKII spec-
trometer, using Al Ko radiation (1486.6 eV, 120 W). An
analyzer pass energy of 20 eV was adopted for al narrow
scans. Pt 4d and Al 2s lines were monitored for the analy-
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sis, rather than the normally used Pt 4f and Al 2p peaks,
which were hardly distinguishable due to overlapping. The
C 1s peak at 285.0 eV due to adventitious carbon was used
as an internal reference. Transmission electron microscopy
(TEM), performed on a Jeol system with a tension voltage
of 100 kV, was utilized to investigate the morphology of
the coke deposited on the catalysts.

CO chemisorption and desorption were studied by in
situ FTIR on a Perkin—Elmer 2000 equipped with a diffuse
reflectance accessory and a reaction cell fitted with KBr
windows. The sample was reduced in a flow of H, at
600°C for 1 h, and then transferred into the sample cup in
the reaction cell. It was reduced again in situ by hydrogen
at 300°C for 100 min, then purged by helium and cooled
down to room temperature. After 30 min of CO adsorption
(10% CO/He), the sample was purged by helium till the
gaseous CO was removed from the cell. Spectra of the CO-
adsorbed samples were then taken at various temperatures.
All spectra were obtained as an average of 64 scans with a
resolution of 4 cm—1.

3. Results and discussion
3.1. Catalytic activity and carbon deposition

Figure 1 comparesthe catalytic activity of three Pty sCo;
catalysts prepared by different impregnation sequences as
described in the experimental section. The catalyst prepared
by co-impregnation shows the best methane conversion and
CO sdlectivity. At temperatures below 700°C methane
conversion and CO selectivity over the catalyst prepared
by successively impregnated “ Pt before Co” are lower than
those of co-impregnation and “Co before Pt”. However, at
high temperatures (>700°C) their catalytic activities are
close to one another. Figure 2 shows methane conver-
sion and CO selectivity over the co-impregnated bimetallic
Pto.sCo; and monometallic Pty s and Co; catalysts. Both
methane conversion and CO selectivity over Pty sCo; are
obviously higher than those over monometallic Pty s and
Cos, while the catalytic activity of Pty s is superior to that
of Co;. Especially, at low reaction temperatures (<700 °C)
noble metal Ptgs shows much higher selectivity to CO
than that of Co;. Obvioudly the addition of platinum in
bimetallic Pt—Co catalysts improves the CO selectivity of
monometallic Co catalysts at low temperatures. The high
selectivity at low reaction temperatures is very useful from
a standpoint of chemical engineering. However, at higher
temperatures, the CO selectivity over the Co; catalyst in-
creases rapidly, getting close to that of Ptys at 800°C.
This trend is also observable in figure 1, for the bimetallic
Pto.sCo; catalyst prepared by the successive impregnation
of “Pt before Co”, in which more cobalt component may
exist on the catalyst surface, so that its catalytic activity is
similar to that of the monometallic Co; catalyst.

The resistance of the catalysts to carbon deposition
was investigated under thermodynamically severe condi-
tions (GHSV = 5.4 x 10* cm®*g~th~1, 750°C and a high
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Figure 1. CH4 conversion (solid symbols) and CO selectivity (open

symbols) as a function of reaction temperature over three Pty 5Co; cata-

lysts prepared by different impregnation orders (CH4/O, = 2, GHSV =

5.6 x 10* cm3g~1h—1): (o) co-impregnation, (A) “Co before Pt and
(O) “Pt before Co".
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Figure 2. The effect of reaction temperature on CH4 conversion (solid
symbols) and CO selectivity (hollow symbols) over co-impregnated bi-
metallic Pty 5Co; and monometallic Pty 5 and Co; cataysts (CH4/O, = 2,
GHSV = 5.6 x 10* cm®g—1h—1): (A) Ptg.5Coy, (o) Pto5 and () Co.

ratio of CH4/O, = 2.5). The average rates of carbon depo-
sition on various samples are given in table 2. Supported
monometallic Pt catalysts show an excellent resistance to
carbon deposition since no coke was observed over the
Pto.s and Pty catalysts after reaction of 5 h. For supported
monometallic cobalt catalysts, the average rates of carbon
deposition appreciably increase with the increase of cobalt
loading, with 0.40 g(carbon)g—*(cat.)h—* for Co; while
10.08 g(carbon)g~*(cat.)h—* for Cos. For the bimetal-
lic Pt—Co catalysts the coking rate is reduced by a half,
with 0.20 and 4.56 g(carbon) g—*(cat.) h—? for Ptg 5Co; and
Pto.sCos, respectively. Actually under approximate GHSV
(5.6 x 10* cm®*g~th—1) and 750°C, but with feed gases of
stoichiometric ratio (CH4/O, = 2) no coking was measured
on the Pty 5Co; catalyst after 80 h of reaction, while both the
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Table 2
The effect of catalyst composition on the average
rates of coking (750°C, CH4/O, = 2.5, GHSV =
5.4 x 10* cm3g—1h—1).

Catalyst Average rate of coke
(PtzCoy) x102 g(carbon) g—*(cat.)h—1
Plo.s -2

Pty -a

Cop 0.402

Coy. 5 1.372

Cos 10.08°

Ptg.5Co1 0.202

Pto.5C02.5 0.622

Pty 5Cos 4,56°

aTotal reaction time: 5 h.
b Total reaction time: 1 h.
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Figure 3. Catalytic activity and stability over bimetallic Pty 5Co; catalyst
(T = 750°C, CH4/O; = 2, GHSV = 5.6 x 10* cm®g—1h~1).

activity and selectivity remain stable, as shown in figure 3.
Thisindicates that the addition of platinum to monometallic
cobalt catalysts effectively inhibits carbon deposition.

The micrography of the coke on the catalysts was taken
by TEM. As presented in figure 4, the coke on both
monometallic Co, s (figure 4(a)) and bimetallic Pty sCo;
(figure 4(b)) exists mainly in the form of carbon whisker. It
is generally suggested that whisker carbon does not alter the
rate of synthesis gas production [19]. This may explain why
no deactivation was observed over the monometallic Cos
catalyst even though aimost 10 wt% coke was deposited
on it. Nevertheless, coking is still harmful to catalytic re-
action since a large amount of whisker carbon would lead
to shattering of the catalysts and plugging of the reactor as
observed over Cos catalyst.

3.2. Temperature-programmed reduction (TPR)

The reduction behavior of the catalysts was investigated
by TPR. As shown in figure 5, the TPR peak for the
Pto.5 catalyst is rather weak (figure 5(a)). One strong peak
centered at 370°C with a relatively weak peak at 325°C
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Figure 4. TEM micrographs of coke deposited on catalysts after the reac-
tion with CH4/O, = 2.5: (8) Coy.5 and (b) Pty 5Cos.
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Figure 5. The TPR profiles of the catalysts, which were taken un-
der identical conditions: (a) Ptps, (b) Coi, (¢) Cozs, (d) Ptp.5Co; and
(€) Pto.5Coz 5.

is observed for the Co; catalyst (figure 5(b)) while one
strong peak at 310°C with a shoulder at lower tempera-
ture side for the bimetallic Pty 5Co; catalyst (figure 5(d)).
The TPR profile of the Coy 5 is similar to that of Co,, and
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Table 3
The relative total area of TPR pesks on various
Pt Co, catalysts.

Catalyst Relative area of TPR?
Pto.s Trivia
Cop 1.00
Pto.sCoy 0.70
Coy 5 3.30
Pto'5C02'5 2.87

2The total area of Co, is taken as 1.00.

the TPR profile of PtysCoz5 similar to that of PtgsCo;.
Obvioudly, bimetallic catalysts have lower reduction tem-
peratures. Since the monometallic Pt s catalyst shows only
a very weak TPR signal, the TPR peaks of the bimetal-
lic Pt—Co catalyst should mainly derive from the reduc-
tion of cobalt oxides. This is in agreement with the ob-
tained XRD results that metallic Pt is detected in the
bulk of as-prepared catalysts while cobalt exists as Coz04
(table 1). The addition of platinum lowers the reduc-
tion temperature of cobalt oxides in bimetallic Pt—Co/
a-Al,O3 catalysts. However, it should be mentioned that
the total area of TPR peaks of the bimetallic Pt—Co sample
isless than that of the corresponding monometallic Co sam-
ple, i.e., 1.0 for Co; vs. 0.70 for Pty 5Co1, and 3.3 for Coz 5
vs. 2.87 for Pty 5Co,5, as shown in table 3. This implies
that the addition of platinum actually increases the amount
of unreducible components. As suggested later in the XPS
analysis section, the unreducible component is most prob-
ably cobalt surface phase (CSP).

3.3. CO adsorption and desorption

The CO adsorption and desorption were studied by
FTIR. At room temperature we have not found detectable
adsorption of CO over the reduced Pty 5, Co; and Pty 5Co;
catalysts, probably due to low metal loading. In order to
revea clearly the interaction between metal Pt and Co,
we performed CO adsorption study on the Pts, Co;o and
PtsCoyo catalysts with high metal loading, ten times of
those for Pty 5, Co; and Pt 5Coq, respectively. On reduced
Cop no molecular CO adsorption was detected, but the
dissociative adsorption of CO was evidenced by the ob-
servation of vibrations of Co-C near 900 cm~! and Co-O
near 540 cm~1 at about 200°C [20]. On Pts one strong CO
band near 2075 cm~*! and one weak band near 1838 cm~?
were observed at room temperature (see figure 6). The IR
band at 2075 cm~1 is attributed to terminally-bonded CO
and the band at 1838 cm—* to bridged or triply-bonded CO
on Pt metal [21]. Increasing the temperature up to 120°C
affects the spectrum little. However, at 143 °C the bridged
adsorption peak disappeared while the linear CO species
were observed with a very low intensity. At 154°C the
linear adsorption species were also eliminated. On the re-
duced PtsCo;o bimetallic catalyst there was only one weak
linear CO adsorption peak near 2075 cm~! at room tem-
perature (figure 7). It vanished completely at about 198 °C.
The lack of the bridged CO may imply that metal Pt atoms
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are surrounded or diluted by metal Co atoms in the reduced
PtsCoyo catalyst. A similar effect was previously reported
by Mériaudeau et al. [22], who investigated the CO adsorp-
tion over Pt,In, bimetallicsin NaY zeolite, and by Guczi et
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Figure 6. FTIR spectra of adsorbed CO on reduced Pts at various tem-
peratures.
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Figure 7. FTIR spectra of adsorbed CO on reduced PtsCojg at various
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al. [17,18], who studied the Pt—Co hydrogenation catalysts
by in situ XPS. This s further supported by EXAFS analy-
sis of Pt—=Co/Al,03, in which traces of bimetallic particles
were detected and considered to result from the intimate
contact between Pt and Co [23]. It is suggested that CO
dissociation on transition metal surfaces is initiated via ad-
sorption at multiply coordinated sites [24,25]. The ensem-
ble effect in Pt—Co bimetallic catalysts appears to reduce
the multiply coordinated cobalt sites and thus the dissocia-
tive adsorption of CO. Therefore, carbon deposition will be
effectively inhibited. Besides, Rostrup-Nielsen [26] found
that catalysts with larger metal clusters were more suscepti-
ble to coke generation. The addition of platinum may limit
the sintering of metallic Co and the formation of large Co
clusters so that our XRD results show no metallic Co phase
in the bimetallic Pty 5Cos catalyst, but metallic Co phasein
monometallic Cos. Thismay explain the long-hour stability
of catalytic activity over Pty 5Co; catalyst.

3.4. X-ray photoelectron spectroscopy (XPS)

The binding energy (BE) values of Pt 4ds, and Co 2p3/»
are given in table 4 and the fitted XPS spectra of Co 2p are
shown in figures 8 and 9 for the as-prepared and reduced
catalysts, respectively. The Co 2psz,, peak of monometallic
Coyg in the as-prepared state is located at 780.2 eV with
no shake-up satellite (see figure 8(a)) while the bimetal-
lic PtsCo1o sample has its Co 2p;/, centered at 780.5 eV
with a shake-up satellite near 786.0 eV (figure 8(b)). Ac-
cording to the BE values of Co 2p;/,, the intensity ra-
tio of the shake-up satellite and spin—orbit coupling val-
ues [27-29], the cobalt in the as-prepared Coyg is assigned
to Co304 (Co 2p3/, = 780.0-780.6 eV, weak satellite and
15 eV of spin—orbit splitting) while there exists a large
amount of Co?* (Co 2ps,, = 780.0-780.6 eV, strong satel-
lite and 16 eV of spin—orbit splitting) besides Co®* in the
as-prepared PtsCoyo. After reduction Co®t becomes pre-
dominant in monometallic Cosg, as shown by the presence
of a strong shake-up satellite (figure 9(a)). A new peak
of lower BE (Co 2p3,, = 778 €V) indicates that certain
amount of Co has been reduced to metal. The same is true
for the reduced PtsCoyg catalyst. However, the main com-
ponent peak in reduced PtsCoyg catalysts is at 781.2 €V,
beyond the BE range normally assigned for Coz04/CoO

temperatures. (780.0-780.6 eV). As cobalt surface phase (CSP) is known
Table 4
Binding energy of Pt 4ds,, and Co 2p3».

Catalyst Pt 4d5,, (eV) Co 2p3/, (eV)

As-prepared Reduced As-prepared Reduced
Pts 315.7 (Pt2t) 314.8 (Pt0) - -

318.2 (Pt*t) 318.0 (Pt*t)
Coyg - - 778 (Ca)

780.2 (Co®t) 780.6 (Co?+/Co3t)

PtsCo1o 318.0 (Pt*t) 314.9 (Pt 778 (Co0)

780.5 (Co?t/Co3t) 781.2 (CSP/Co?t)
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Figure 8. Co 2p XPS spectra of the catalysts in the as-prepared states:
(a) COj_o and (b) P[50010.
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Figure 9. Co 2p XPS spectra of the catalysts after reduction at 600°C:
(a) Coyg and (b) Pt5Co10.

to have Co 2ps/, in the range of 781.5-781.7 eV with a
strong shake-up satellite [18], spectrum 9(b) may illustrate
that the addition of platinum has promoted the formation
of CSP. Thisis also supported by former TPR results since
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it is difficult to reduce CSP. It is worthwhile to mention
that similar XPS spectra of Pt 4ds,, and Co 2p3/, were ob-
tained from as-prepared and reduced Pty 5, Co; and Pty 5Cos
catalysts, although the signals of these spectra were weak.
It is assumed that CSP is highly dispersed in monolayer
thickness, and strongly interacts with support or/and lat-
tice oxygen [30]. This strong interaction between metal
and support will inhibit the Co surface reconstruction via
bond relaxation, hence carbon diffusion into cobalt lattice,
which may lead to the formation of carbon whiskers, may
be prevented to some extent [7,31,32].

4, Conclusion

In summary, bimetallic Pt—Co catalysts have shown bet-
ter CH,4 conversion and CO selectivity than monometallic
Pt and Co catalysts. In particular, the PtgsCo; catalyst has
high and rather stable catalytic activity during 80 h of POM
reaction, with no coke deposited on it under stoichiometric
feeding condition (CH4/O, = 2). These findings may im-
ply that it is possible to partially replace noble Pt by Co, to
largely lower the cost of monometallic Pt catalysts without
sacrificing the catalytic activity, selectivity and stability, in
the POM to synthesis gas.

The addition of platinum can obviously improve the cok-
ing resistivity of monometallic Co catalysts, probably due
to the following factors. (1) ensemble effect decreasing the
number of multiply coordinated cobalt sites, on which CO
is dissociated; (2) strong metal—support interaction result-
ing in the formation of CSP, which prevents the carbon
diffusion into cobalt lattice.
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