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Abstract: With the discovery and large-scale exploitation of natural gas

resources such as shale gas and combustible ice, which are mainly

composed of methane, their effective utilization has become a national

strategic interest. Partial oxidation of methane (POM) to synthesis gas is one

of the important methods for the utilization of natural gas and shale gas

resources. The commonly used Ni/SiO2 catalyst for POM easily deactivates

due to carbon deposition on the surface. To solve this problem, a urea

precipitation method was employed in this work to prepare Ni-based catalysts

modified with different amounts of tungsten (at W/Ni molar ratios of 0, 0.01,

0.03, 0.05, 0.07, and 0.10), and the catalyst stability in POM as well as the

role of W were investigated. From characterizations such as X-ray diffraction

(XRD), transmission electron microscopy (TEM), temperature-programmed reduction (Hz-TPR), and X-ray photoelectron
spectroscopy (XPS), we obtained the following results. The amount of W added to the Ni-based catalysts has a significant
influence on their catalytic performances in POM and their physicochemical properties. The particle size of Ni in the
catalysts decreases with W addition, and the Ni particle distribution on the support surfaces becomes more uniformed;
however, the catalytic activity for POM is not significantly influenced. However, W-modified Ni-based catalysts show an
increasing improvement in their stability in POM with increasing W/Ni molar ratio, with an optimum at the W/Ni molar ratio
of 0.07; at the W/Ni molar ratio of 0.10, they exhibit a rapid deactivation in POM in a short time. Although interactions
between Ni and SiO:2 in the as-prepared catalysts are weak, the presence of adequate tungsten (W/Ni molar ratio of 0.05
and above) in the Ni-based catalysts can reduce the Ni particle size to some extent, and lead to the formation of strong
interactions between Ni and W, which leads to an improvement in the dispersion of Ni on the support surface and imparts
resistance for Ni particle growth in the POM reaction. The increased interaction between Ni and W changes the chemical
state or oxygen affinity of Ni particles on the catalyst surfaces, and some of the partially oxidized Ni species (Ni®*) on the
catalyst surfaces coexist with reduced Ni species (Ni®) during POM. Using an adequate amount of W-modified Ni catalysts
results in almost no carbon deposition on the surfaces during POM, but using only a moderate amount results in good
catalytic behavior and stability in POM. This finding suggests that the presence of W can not only enhance the anti-coking
ability of the Ni-based catalysts and sustain their good stability in POM if the W content is low (i.e., W/Ni molar ratio of 0.07
and below), but also lead to the deactivation of W-modified catalysts in POM if the W content is high (i.e., W/Ni molar ratio
of 0.10 and above), due to high oxygen affinity or the presence of more Ni species in oxidized form. In addition, a-WC
(tungsten carbide) was identified using XRD to be formed on the surface of the moderate-amount W-modified Ni catalysts
after POM, and it could inhibit or eliminate carbon deposition on the Ni-based catalyst surfaces. The catalytic performance
evaluation of the catalysts in POM under a long time period confirmed that a-WC is stable.
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Fig. 1 XRD patterns of the fresh and reduced 9NiWx/SiO2 samples.
() ONI/SiOy; (b) INiIW, 01/SiOy; (€) INiIW, 02/SiO2; (d) INiIW( 05/Si0y; (€) INIW, 07/SiOy; (F) INiW, 10/SiO2; (g) INIW/SIO,.
R 1 AFEFERILRE (Aser). LW R RBETE Ni/NiO FIRZ
Table 1  Specific surface areas (Aset), pore properties and the Ni/NiO particle size of
samples before and after POM reaction.
Dxro/nm Drem/nm
Sample Ager/(m?-gt)  Volume/(cmi-.g™t)  Aperture/nm i e
Fresh Reduced  Used (10 h; 50 h) Reduced  Used (10 h; 50 h)
SiO; 3713 0.80 8.6 - - - - -
9Ni/SiO, 3276 0.67 7.8 26.9 39.7 56.5; - 38.0 55.7; -
9NiWo,01/SiO> 3113 0.65 7.7 24.7 36.6 46.6; - 36.7 42.2; -
9NiWo,03/SiO, 304.4 0.66 7.7 17.3 32.7 38.8; - 322 36.3; -
9NiWo,05/SiO2 296.0 0.61 7.2 11.0 30.9 35.1; - 28.1 33.6; -
9NiWo,07/SiO; 285.9 0.57 6.9 9.3 18.7 19.9;21.3 18.6 20.0; 21.0
9NiWo.10/SiO; 276.2 0.58 7.0 9.9 221 2274 - 19.1 20.6% -

a As the 9NiW, 10/SiO;, catalyst quickly deactivated in POM, the data taken from the used in POM for 3 h.
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Fig. 2 TEM images and particle sizes distribution of the reduced 9NiWx/SiO2 samples.

(a, a’) 9NI/S|02, (b, b') 9NiW0_01/SiOZ; (C, C’) 9NiW0_03/Si02; (d, d') 9NiW0_05/Si02; (e, e’) 9NiW0_07/SiOz; (f, f’) gNiWo_lo/SiOZ.
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Fig. 3 Catalytic performances of 9NiWx/SiO2 for POM as a function of time on stream.
(a) 9INI/SiOy; (b) 9INiW, 01/SiOy; (C) INiIW, 03/SiOy; (d) INiIW, 05/SiOy; (e) 9NiIW( 07/SiOy; (f) INiIW(.10/SiO,.
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Fig. 4 The XRD patterns of the 9NiWx/SiO2 catalysts
after POM reaction for 10 h.

(a) 9Ni/SiO2; (b) INiIW,,01/Si0z; (€) INiIW,,03/Si05; (d) INiWo,05/SiO2;
(e) INiW,67/SiO2; (e”) INiW, 7/SiO; (after POM for 50h);

(f) 9NiW,.10/SiO;, (after POM for 3 h).
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Fig. 5 TEM image and particle sizes distribution of the 9NiWx/SiO: catalysts after POM reaction for 10 h.
(a, a’) 9INi/SiOy; (b, b’) INiIW, 1/SiOy; (C, C’) INiIW, 03/SiOy; (d, d’) INiIW, 05/SiOy; (e, 9’) INiIW, 07/SiOy; (f, f') 9NiIW( 10/SiO,.

** As the 9NiW, 10/SiO; catalyst quickly deactivated in POM, the data taken from the used in POM for 3 h.
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420°C  600°C 695°C E 2 AT E Ni 2ps. BT E5 AR LK Ni P
/ N B RS HT
L@ Table 2 The binding energy in Ni 2pa for the catalysts
gl T T and an analysis on their surface Ni species.
é\ e w_\ﬂ
2 (e) . e — Binding energy/eV . .
Qo (d) e — | Catalysts - - [Ni2*)/[Ni°]
c \ m— Ni® Ni2*
© i p—— 9NI/SiO; 852.4 855.6 0.25
o ] t 9INiWo 07/SiO; 852.7 855.8 0.39
@ ™ P 9NiWo.10/SiO2 853.0 856.2 0.59
100 200 30 400 00 €00 700 800 ONi/SiO; used 852.4 855.7 0.30
B 6 ONIWSIO: EALFIE Ho-TPR i 9N!Wo,07/S!Oz used 852.6 855.7 0.65
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Fig6 H2-TPR profiles of the 9NiWx/SiO: catalysts.
(a) 9NI/SIOZy (b) 9NiWo,01/SiOz; (C) 9NiWo,03/Si02§ (d) gNiWo‘os/SiOZ;
(€) INiIW( 07/Si02; () INiW, 10/SiO; (g) INIW/SIO.
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Table 3 Carbon deposition on the catalysts through POM for 10 h, 20 h.

Catalyst Carbon content/% Catalyst Carbon content/%

9Ni/SiO2 13.1 9NiWo.07/SiO2 0.0
9NiWo,01/SiO2 8.2 9NiWo,07/SiO2 0.0
9NiWo3/SiO2 7.2 9NiW0.10/SiO2 0.0
9NiWo05/SiO2 5.2

" represents the carbon deposition measurement after POM for 20 h.
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