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ABSTRACT Partial oxidation of methane (POM) is a potential technology to increase the
efficiency of synthesizing a mixture of CO and Hz named syngas, compared to steam reforming
processes. Recently, supported metals modified with Re emerged as active catalysts for POM.
However, roles of Re in this reaction has been unclear. Here, we demonstrate that the addition of
Re to Ru/Al>Os catalyst changes the reaction mechanism. The bimetallic catalyst oxidizes CH4 to
mainly CO via formate. After using all O,, steam reforming and reverse water-gas shift take
place to increase the yield of CO and H». This is in contrast to Ru/Al>O3, which catalyzes POM
mostly by complete oxidation of CH4 to CO- and H20 and subsequent reforming reactions. In the
bimetallic catalyst, the main role of Ru is to reduce Re species, and the reduced Re species

produces formate from CHs and also accelerates the steam reforming reaction. The dual roles of



Re increase the total catalytic performance. These results show that Re is a main player rather

than a simple promoter in the catalytic reaction.
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Introduction

Methane (CHj4), the main component of natural gas, shows increasing attention in chemical
industries, as it can be converted to fundamental chemical products such as methanol, olefins,
Fischer-Tropsch (FT) oil, and acetic acid.™® Syngas is a mixture of CO and H that is a common
intermediate to manufacture the above mentioned chemicals.® ” Steam reforming of CH4 (SRM,
eq. 1) and its modified processes have been implemented to produce syngas for a long time.% °
However, SRM is an endothermic reaction operated at a temperature above 800 °C, which results
in large energy consumption and high cost. Alternatively, partial oxidation of methane (POM) to

syngas (formally eq. 2) is a potentially efficient method to reduce energy consumption.%

CHs + H20 2 CO + 3Hz, AH%08k =+206 kImol™* (1)

CHg4 + 1/20; — CO + 2H2, AH%05k =—36 kI mol ™t (2)

Rh,11 1620 Ry 2125 p( 22 26-28 pt 2930 gnd NiL3" have been mainly investigated as active
catalysts for the POM reaction in the past years. Most of supported metal catalysts need a
temperature of 700 °C or higher in the reaction,'® but the reaction temperature below 650 °C is
suitable to enable the use of inexpensive stainless steel reactors. Facing the challenge, doping of
promoters is an approach for improving the activity.?> 28 344 Recently, Re has emerged as an
additive to supported metal catalysts to improve the activity in POM at relatively low
temperatures.*>“¢ For example, 10 wt% Ni/Al,Os catalyst gives 28% conversion of CH, and 16%
yield of CO at 600 °C, while 7 wt% Ni-3 wt% Re/Al>O3 provides 100% conversion of CHs and

45% yield of CO under the same reaction conditions.*® Re may increase the dispersion of



supported metals,*® but no work has clarified the role of Re to achieve the improved performance

so far.

To understand the unknown roles of Re, we summarize general reaction pathways for POM.
The reaction can be classified into two categories. The first one is an indirect pathway that
contains complete combustion of CH4 to CO> and H20 (eq. 3) and subsequent SRM (eg. 1) and
reverse water-gas shift reaction (RWGS; eq. 4).*” 8 In this case, SRM and RWGS are controlled
by thermodynamic equilibrium. A characteristics for this pathway is almost no formation of CO
or H; in the presence of O, because the oxidant suppresses the steam reforming and RWGS.? 4
%0 Most of catalysts follow the indirect pathway. The other is the direct partial oxidation (ideally
eq. 2), where neither CO2 nor H,0 is an intermediate.®® Instead, a possible intermediate is atomic
carbon generated by the dehydrogenation of CHs, and the species combines with a surface
adsorbed O species to form CO.% The direct partial oxidation pathway should produce CO or H;
in the presence of O». Therefore, the two pathways are distinguishable by the product selectivity
under the oxidizing ambient. The direct pathway is more attractive than the indirect one because
the reaction result can be changed by kinetics and detailed mechanism. Re may promote some of

these steps or possibly changes the reaction pathway.

CHy + 20, — CO2 + 2H20, AHC205k =—890 ki mol ™ (3)

COz + Hz 2 CO + H20, AH208k = +41 kJ mol ™ (4)

In this work, we propose that Re creates a direct partial oxidation pathway via formate in
addition to promoting SRM and RWGS. Our work initially develops a bimetallic Ru-Re/Al>03
catalyst that shows high activity in POM at 600 °C. Characterization and control experiments

using the catalyst indicate that Ru reduces Re species to make it active, rather than direct



concerted effects. The Re species produces a formate intermediate from CHs, and subsequent
decomposition of the intermediate produces CO. This is a direct partial oxidation mechanism
different from that passes through atomic C. In contrast, Ru/Al,Os mostly follows the indirect
pathway. After the direct partial oxidation using O, SRM and RWGS start on the bimetallic

catalyst in the absence of Oa.

Experimental Section

Bimetallic Ru-Re catalysts were prepared as follows: NHsReO4 (0.0216 g, 99.9%, Sigma-
Aldrich Co., Ltd.) and RuCls-nH,O ag. (4.87 mmol L™, 10.16 mL, Wako Pure Chemical
Industries) were dissolved in 15 mL of deionized water and stirred for a few minutes, and then
0.48 g of Al,0O3 (JRC-ALO-8, Catalysis Society of Japan (CSJ)) was added into the solution. The
mixture was stirred using a magnetic spin bar (700 rpm) at room temperature for 24 h, and
evaporated at 50 °C under a decreased pressure (80 hPa) using a diaphragm pump. The resulting
powder was dried in air at 110 °C overnight, heated to 500 °C by 5 °C min%, and afterward kept
at the temperature for 5 h to obtain the catalyst named Ru-Re/Al;Os. The loading amounts of Ru
and Re were 1 wt% and 3 wt%, respectively, which was confirmed by an energy dispersive X-
ray analysis (Shimadzu, EDX-720) using an absolute calibration method. The same procedure
was adopted for other supports, SiO, (JRC-SIO-9A, CSJ), MgO (JRC-MGO-4-500A, CSJ), ZrO>
(Wako, 264-01482), and CeO, (Kanto, 07167-23). Ru/Al;O3 and Re/Al;Os3 catalysts were

obtained by the same method except for using only one metal source.

The POM was performed in a vertical quartz fixed-bed flow reactor (i.d. = 7 mm). The

temperature inside of the catalyst bed was monitored by a thermocouple (80.5 mm) protected in a



quartz tube (ca. 82 mm), which indicated increase in temperature was less than 20 °C during
POM. A catalyst (20 mg) was put on quartz wool (Tosoh, Fine grade) in the middle of the reactor.
The reactor set in an electric tube furnace (Asahi Rika, ARF-30KC) was heated to a designated
temperature under Nz flow (9.2 mL min?), followed by the introduction of a gas mixture
(typically, CH4 10.0 mL min"%, O, 0.8 mL min~%, N2 9.2 mL min™?). Products were analyzed by
an on-line gas chromatograph (Shimadzu GC-8A) equipped with a thermal conductivity detector
(TCD) and Molecular Sieve 5A and Shincarbon ST columns to analyze N2, Oz, CH4, CO, and
CO2. Amounts of products were quantified by an internal standard method using N2, by which
we found that error in carbon balance was below 2.5%. H> was analyzed by another GC
equipped with a Molecular Sieve 5A column using Ar carrier. We defined conversion of CHs
and yields of products as egs. 5 and 6, to increase their accuracy especially at a low conversion
of CHa. In the equations, ny shows the amount of compound x determined by GC analysis. This
treatment is justified because of no formation of other carbon-containing products except for

trace carbon (<0.1% vyield).

Nco +Nco,

Conversion of CH, = x100%
NcH, +Nco +Neo, (5)
n
Yield of COand CO, = COorCo%  +100%
NcH, +Nco +Nco, (6)

Details for other experiments are summarized in Supporting Information.

Results and Discussion



POM performance of the prepared catalysts

We prepared Ru/Al>O3, Re/Al>O3, and Ru-Re/Al>O3 catalysts, where the content of Ru was
1 wt% and that of Re was 3 wt%. Effects of metal loading amounts and supports on POM are
shown in Supporting Information (Figures S1-S3 and Table S1). For the bimetallic catalyst, in
X-ray diffraction (XRD) analysis, Ru species was present as RuO» particles with 20 nm in size
determined by the Scherrer equation, and Re species were not visible (Figure 1a). A high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) measurement
with EDX analysis displayed that Re species were highly dispersed with an average size of 0.5
nm (Figure 1c; more details in Figures S4a—c). Oxidation state of the Re species was nearly 7+ in
average, based on the white line area of Re L3-edge X-ray absorption near-edge structure
(XANES; Figure 1€).%2 The peak area correlates with the unoccupancy of 5d orbitals of Re, thus

reflecting the oxidation state.
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Figure 1. Characterization of catalysts. XRD patterns of (a) fresh catalysts and (b) used ones
after POM at 600 °C for 3 h. (c) HAADF-STEM image and particle size distribution of Re
species for fresh Ru-Re/Al>Os, and (d) those for the spent catalyst. The scale bars in (c) and (d)

show 5 nm. (e) Re L3-edge transmission XANES spectra for fresh and the used Ru-Re/Al,Oz.

The POM was performed at 600 °C using a gas mixture of CH4/O2/N2 = 50/4/46 at a space
velocity (SV) of 60,000 mL g* h™t. The CHs-rich condition (O2/CH4 = 0.08) is useful to
evaluate the stability of catalyst whether it causes coke deposition. Figure 2a shows the catalytic
performance at 1 h after starting the reaction. Ru-Re/Al>O3 gave 13% yield of CO (selectivity

93%) and 13% yield of H2 (sel. 94%) with 100% conversion of O». This result is as good as that



given by one of the most active catalysts ever reported (Rh/MOR; CO 14% yield, 92% sel. under
the same conditions except for SV = 6,000 mL g* h™)% despite the 10-times higher SV. In
control experiments, Ru/Al>Os gave lower yields of CO (6%) and H> (8%), and the Re-only
catalyst showed low activity (CO 1.2% yield). Note that Re/Al>Os produced CO in the presence
of residual Oz (O2 conv. 45%), which is important to understand the role of Re (see sections for
the mechanistic study). These results clearly show the synergy between Ru and Re for POM. Ru-
Re/Al;O3 increased the yield of CO and Hz up to 54% and 61% with slightly decreased
selectivity at increased O2/CHjy ratios (Figure 2b and Table S2). Clearly, Ru-Re/Al;O3 catalyst is

very active for POM at a temperature as low as 600 °C.
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Figure 2. POM at 600 °C with a space velocity (SV) of 60,000 mL g* h™™. (a) CHa4: O2: Nz =
50:4:46. (b) Catalysts were Ru-Re/Al>O3 and reduced Re/Al>O3, and concentration of O» was

kept at 4% when changing O2/CHj ratio. The data were sampled at 1 h after starting the reactions.

To reveal the bimetallic effect, a 1:1 physical mixture of Ru/Al>O3 and Re/Al>O3 was tested
under the same reaction conditions. As we kept the same SV of 60,000 mL g h'%, amounts of

Ru and Re corresponded to half of those in other tests. Nonetheless, activity of the physically



mixed catalyst (CO 10% yield; Figure 2a Ru/Al.O3+Re/Al,O3) was better than that of Ru/Al2O3
(6%). Ru and Re show synergy even when they are distant from each other. For their possible
roles, we speculate that Ru converts CH4 to CO and H> to some extent as indicated by the
activity of Ru/Al>03, and the produced H> reduces Re species. The reduced Re species might be
active for POM reaction. The reduction of Re was evidenced by Re L3-edge XANES
measurement of Ru-Re/Al,O3 catalysts before and after POM. Specifically, the used Ru-
Re/Al;O3 represented a decreased intensity of white line, 93% compared to that of the fresh

catalyst (Figure 1e), even after exposed to air at room temperature.

If the major role of Ru is the reduction of Re, reduced Re/Al>O3 should work for POM
without Ru. As a result, reduced Re/Al,O3 was indeed active in the absence of Ru, but Ru was
needed to keep the reduced state of Re as follows: Re/Al>Os reduced with H> gave 12% vyield of
CO under the methane-rich reaction conditions (O2/CH4 = 0.08; Figure 2a), which was almost
the same catalytic performance as that of Ru-Re/Al>Os. The Re catalyst largely decreased the
activity (CO 2.1% yield; 53% selectivity) under the stoichiometric condition (O2/CH4 = 0.5) due
to re-oxidation of Re (Figure 2b). The main role of Ru is the reduction of Re species to make it
active in our case. Additionally, it is notable that O> conversion was 15% in the reaction over
Re/Al,O3 under the stoichiometric condition, which also represents that Re produces CO in the

presence of Oa.

We have also found that Ru proactively facilitates the reduction of Re in Ru-Re/Al,O3
catalyst in temperature-programmed reduction (TPR) experiments (Figure 3). Re species on
Re/Al,O3 was reduced at 459 °C, and the peak completely shifted to a lower temperature (416

°C) for Ru-Re/Al,03. Re species are dispersed on the support and not always close to Ru
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particles as observed by STEM (Figures 1c, S4), but the reduction is enhanced by Ru. This result
suggests a hydrogen spillover mechanism. Ru produces active hydrogen species and they spill
over the support to reduce Re species distant from Ru. Choi et al. have revealed that Al-rich
oxide supports easily cause hydrogen spillover.>®> Moreover, we have demonstrated a similar
phenomenon for the combination of Co and Rh in a previous study, where spillover hydrogen
produced by Rh assists the reduction of CoOx.1? Accordingly, the co-impregnation of Re and Ru
is better than the physical mixture of individual Ru and Re catalysts, to maximize the reduction
effect. Consumed amount of H atom was an H/Re atomic ratio of only 1.2 in the TPR, suggesting

that slight reduction of Re greatly affects the catalytic activity.
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Figure 3. TPR profiles for prepared samples. Baselines have been corrected to remove periodic

noise due to fluctuation of detector temperature.

In durability tests for 72 h, Ru-Re/Al;Oz slightly reduced its activity in 40 h and then
became stable (Figure 4a). The spent catalyst contained only 0.4 wt% of coke, and we observed
no deposit on the reactor wall below the catalyst bed, viz. no sublimation of Re. However, Re

species partially aggregated as seen in the XRD pattern (26.2° ReO, (111); Figure 1b). STEM
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analysis showed that Re species were in larger particle sizes of 1 to 3 nm (Figure 1d), compared
to those on the unused catalyst (Figure 1c). Meanwhile, Ru did not undergo sintering (RuO. 21
nm before reaction, Ru 21 nm after reaction; Figures la, b). Thus, the catalyst initially
experiences growth of Re species and afterward it is stabilized. We have also found that the
catalyst is stable with almost no coke formation (0.2 wt% at 72 h) under a stoichiometric ratio of
0O2/CH4 = 0.5 (Figure S5). In contrast, Ru/Al2Os clearly decreased the catalytic activity after 10 h
(Figure 4b), and possessed 3.0 wt% of coke on the catalyst. We conclude that the combination of
Ru and Re provides higher activity for POM for a long time with less formation of coke,

compared to Ru/Al>Qs.
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Figure 4. Durability test of (a) Ru-Re/Al>Oz3 and (b) Ru/Al203 in the POM reaction. Conditions:
600 °C, CH4:02:N2 = 50:4:46, SV = 120,000 mL gt h™%, corresponding to W/F = 8.3x10° g h

mLL.
Mechanistic study for direct partial oxidation
We studied effect of contact time (W/F, defined as the weight of catalyst per total flow rate

of gases) on POM to clarify the reaction pathway for Ru-Re/Al>O3 and Ru/Al>Oz. Ru-Re/Al;03
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produced CO in 52% selectivity and Hz in 29% selectivity at 4.8% conversion of CHs at a very
short contact time (3.3x10°" g h mL%, corresponding to SV = 3,000,000 mL g* h™*; Figure 5a,
highlighted part), where O2 was remaining (O2 78% conv.). We further demonstrated formation
of CO with 64% selectivity and H. with 57% selectivity at an earlier stage (CHa4 conv. 1.5%) by
decreasing temperature to 500 °C (Table S3). As also discussed based on Figure 2 in the
previous section, Re leads to the formation of CO in the presence of Oz. These results evidence
the presence of direct partial oxidation pathway, because catalysts for the indirect pathway give
almost no CO when O is remaining.?> 4 50 After completely consuming O, the result
approached a chemical equilibrium value given by SRM and RWGS (CO vyield 15%, H> yield
15%) at a long contact time. Therefore, Ru-Re/Al>O3z can produce CO and H> without passing
through complete oxidation, but the catalyst shows activity also for SRM and RWGS at a longer
contact time. The former reaction, direct partial oxidation, is much faster than SRM and RWGS.
For Ru/Al>QOg, the catalyst gave a lower selectivity for CO (25%) at 3.4% conversion of CH4 at
the short contact time (3.3x10°7 g h mL™*; Figure 5b). Moreover, CO was not produced at a
further lower conversion of CH4 (0.26%) at 500 °C (Table S3). After the complete consumption
of O, the product distribution approached the chemical equilibrium in a slower rate than that of
Ru-Re/Al;03. Hence, Ru/Al>O3 catalyzes POM by the indirect pathway mostly, and the catalyst
is less active than Ru-Re/Al;O3. A previous work also showed that Ru/Al.Oz promoted the

indirect oxidation pathway.?
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Figure 5. Effect of contact time on the POM over (a) Ru-Re/Al>03 and (b) Ru/Al>Os. Reaction

conditions: CH4: O2: N2 = 50:4:46 at 600 °C.

In-situ diffuse reflectance infrared Fourier transform (DRIFT) was applied to unveil the
intermediate for the direct partial oxidation pathway working on Ru-Re/Al;Oz (Figure 6). The
background spectrum was measured after heat-treatment of the catalyst under He purge.
Afterward, CH4 was introduced on the catalyst at room temperature, followed by purge with He.
Elevating temperature to 50 °C, adsorbed CHa4 was remaining as indicated by peaks at 3016 and
1305 cm* corresponding to stretching and bending of C—H.>* By increasing the temperature to
100 and 150 °C, the CH4 peak decreased, while peaks assignable to u2-type formate appeared at
1372 cm™* (1,(0C0)), 1392 cm™* (KCH)), 1586 cm ™ (145(0OC0O)), and 2907 cm™t YCH).>>8
Low intensity of the {CH) peak is reasonable due to only small change in dipole moment by the
stretch. The formate peaks other than that at 1392 cm™ decreased by further increasing
temperature and almost completely disappeared at 350 °C. The peak at 1392 cm™* only became
weaker and shifted to 1388 cm™ during the period, perhaps due to overlap with peaks for

carbonate species or sulfate on alumina.>® ® Therefore, we propose that most of formate species

14



are decomposed at 350 °C. Meanwhile, the increase in temperature produced a sharp peak at
1844 cm™! and a broad peak at 1927 cm™*, which were stretching of CO molecules adsorbed on
hollow or bridge sites of metal.%% 62 Another weak band was found at 1461 cm™, attributed to
12s(OCO) of carbonate or 15(OCO) of carboxylate groups.>® % The former is more probable due
to low possibility of formation of C, or higher compounds at a low concentration of CH4 in the
system. These results suggest that CH4 is converted to formate by using surface or lattice oxygen
species, and the formate is eventually decomposed to CO and CO». Formate is sometimes found
as a spectator in infrared spectroscopy for the conversion of C1 compounds,®* but this possibility
can be excluded in our case. Because CH4 was removed before formation of CO, only formate
can be the source of CO under the experimental conditions. In contrast to Ru-Re/Al>QOg,
Ru/AlO3 did not afford peaks for formate or CO under the same measurement conditions
(Figure S6). The direct partial oxidation reaction likely takes place on ReOy species. Produced
CO may not adsorb on ReOx species, but diffuses and adsorbs on Ru metal, which can be
detected by the spectroscopy. Although the above mentioned results were obtained in the
absence of O., we have observed the formation of formate on Ru-Re/Al>Os also in CH4/O:

mixture, and consumption of the species after purging the system with He (Figures S7, S8).

15
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Figure 6. In-situ DRIFT spectra for temperature programmed reaction of CH4 on Ru-Re/Al>O:s.
After background measurement, CHs was adsorbed and purged with He. Then, temperature was

elevated by 10 °C min%,

To support the formate-intermediate hypothesis, decomposition of formic acid (Figure 7)
was conducted using Ru-Re/Al>O3 at 600 °C, a typical temperature for POM. Vaporized formic
acid was fed together with He carrier at a very high SV of 3,000,000 mL g* h™* to minimize
successive reactions of products. The catalyst produced CO in 65% selectivity and CO2 in 35%
selectivity, which was similar to the POM reaction at the same SV of 3,000,000 mL g * h™* at
500 °C giving CO in 64% selectivity. Therefore, it is plausible that Re species converts CH to

formate and the intermediate decomposes to CO.
CO +H,0 65%

HCOOH _Ru-Re/Al,O,
CO,+H, 35%
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Figure 7. Decomposition of formic acid on Ru-Re/Al>Os at 600 °C with an SV of 3,000,000 mL

gltht

Effect of Re on indirect reaction pathway

To evaluate activity for the indirect pathway, SRM and RWGS reactions were carried out

with Ru-Re/Al;0O3 and monometallic catalysts at 600 °C.

For the SRM at CH4:N2 = 1:1 with water vapor (Table S4), CO yield was 7.6% (87% sel.)
for Ru/Al203 and 9.5% (97% sel.) for Ru-Re/Al,O3. Re/Al>O3 was inactive for SRM (CO 0.16%
yield) probably owing to the oxidized state of Re. Thus, the bimetallic catalyst shows the highest

activity for SRM.

From the RWGS reactions at CO2:Hz:Ar = 1:1:2 (Table S5), the three catalysts showed
similar CO2 conversion (37-38%) and CO selectivity (88-91%), and the remaining part was CHa
(9-12% sel.). These results are similar to a thermodynamic equilibrium (CO2 conv. 37%, CO sel.
95%, CHs sel. 5.4%), indicating that all the three catalysts are very active for this reaction.
Re/Al,O3 was perhaps reduced to be active for RWGS without Ru under the very reducing

ambient of RWGS.

Whole reaction pathway

We propose the whole reaction pathway on Ru-Re/Al,Oz based on all the analysis (Figure
8). First, Ru initiates the POM to CO and H via the indirect pathway (Figure 8 left) as indicated

by the activity of Ru/Al>Oz and the contact time study. The produced H: either in a form of gas

17



or spillover species reduces nearly-heptavalent Re to a lower valent ReOx species such as ReO-
as observed by XRD and STEM. XANES and TPR studies have supported the partial reduction
of Re species. Afterward, the DRIFT study has shown that ReOx species converts CHs to formate
species (CHs + 30 — HCOO™ + H" + H20) (Figure 8 center). In this reaction, we hypothesize
water as the main coproduct, because the selectivity for Hz is low at the initial stage (29% at W/F
=3.3x107" g h mL at 600 °C). As for the O species, the measurement indicates that surface or
lattice oxygen species on ReOx can be used, and therefore a possible role of O, molecules is to
regenerate the O species. Wang et al. reported Re2O7/SiO catalyst active for the oxidation of
CHa to formaldehyde at a similar temperature.®® Our study suggests the partial reduction of Re
significantly increases the activity for a one-step deeper oxidation of CHs to produce formate.
The formate species is decomposed to CO+H,O and CO2+H> in about 2:1 ratio. By increasing
contact time, Oz is completely consumed and then SRM and RWGS take place on both ReOx and

Ru (Figure 8 right). In this stage, Ru-Re/Al>O3 shows a higher activity than Ru/Al2O3 for SRM.

Reductionof  pjrect pathway SRM and RWGS
high-valent Re % 8
e

O e { . %

'y s % >

(ws ° j Lov&-vglent Mj)
- =

High-valen
ReOx«

Initial step Short contact time Long contact time

Figure 8. Scheme of POM over Ru-Re/Al,Os.

Conclusion
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Bimetallic Ru-Re/Al>O3 catalyst was prepared and applied for POM reaction. The catalyst
showed a greater activity than monometallic Ru or Re catalysts. The yields of CO and H2 were
increased up to 54% and 61%, respectively, under the reaction conditions of an O2/CHj ratio of
0.5, SV = 60,000 mL gt h™* and 600 °C. Controlled experiments and mechanistic study have
shown that the main role of Ru is the reduction of Re species to a lower valent ReOx. The in-situ
produced Re species creates the direct partial oxidation pathway via formate intermediate, as
evidenced by DRIFT and contact time studies. At a longer contact time, SRM and RWGS
become predominant, catalyzed by Ru and ReOy. Even though the POM contains the equilibrium
reactions similar to the indirect pathway, this is a very rare case that demonstrated the presence
of direct partial oxidation pathway. Moreover, the formate intermediate is different from the
previous observations that atomic carbon is needed for producing CO. Our finding suggests a
new catalyst design using Re not as a promoter but as a main active species especially towards

production of CO via the direct partial oxidation of CHa.
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