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HYDROGEN GENERATION 

CLAIM FOR PRIORITY 

[0001] This application claims priority to Us. Patent 
Application No. 61/589,689, ?led Jan. 23, 2012, Which is 
hereby incorporated by reference in its entirety. 

TECHNICAL FIELD 

[0002] This invention relates to controlling production of 
hydrogen gas or ethane from methane. 

BACKGROUND 

[0003] There is a fantastic energy issue facing the World, 
due to the increase of population resulting in the increase of 
energy demand and con?icting With planet sustainability. The 
perspective scenario regarding ecology driven policy can’t be 
ful?lled by fossil fuel after 2130 With the existing energy 
strategies. 
[0004] It is knoWn that proven reserves of natural gas in the 
World are increasingly surpassing the proven reserves of 
petroleum. Besides natural gas being a gas, it is more easily 
extracted from the ground from liquid or viscous liquid. 
Nobody so far has been thinking that gas could be a clean 
source of hydrogen With loW carbon footprint. Presently 
hydrogen is produced by steam reforming of methane but it 
produces a huge amount of carbon dioxide. As a matter of 
fact, in the steam reforming of methane, 1 Ton of hydrogen 
emits 9 Tons of CO2. Beside this very high CO2 emission, 
further puri?cation steps are required to separate hydrogen 
from carbon monoxide Which makes this process a very 
expensive method for hydrogen production. 
[0005] One should knoW also that natural gas can be trans 
ported by pipelines all over Europe and NorthAmerica. Simi 
lar infrastructure could be used to transport hydrogen. Also 
hydrogen and ethane could be transported in the same pipe 
line as methane. Hydrogen can be used in fuel cells as a 
“green” energy carrier With just Water as by product. Hydro 
gen is a clear gas With no color, no odor, non-corrosive and 
very energetic With 1 kg of hydrogen equivalent With 3 kg of 
Gasoline and 2.4 kg of methane. 
[0006] Surprisingly, hydrogen is one of the most abundant 
elements on the earth but not as molecular H2. It is present in 
the sea as Water molecule. Nevertheless, at this moment, there 
is no cheap and or economical Way to split Water (photo 
catalytic Water spitting and photo-electro catalytic Water 
splitting electrolysis are far from being commercial). Besides 
Water, the most abundant hydrogen containing element on 
earth is natural gas Which contains mainly methane. 
[0007] One of the more promising alternative technologies 
to produce hydrogen appears to be the thermal decomposition 
of methane, also called thermal cracking of methane. In this 
method, methane can be thermally decomposed to solid car 
bon and hydrogen. When achieved, this one step process is 
technologically simple. One of the biggest advantages of 
methane cracking is the reduction and near elimination of 
greenhouse gas emissions. HoWever, thermal decomposition 
of methane typically requires temperatures greater than 
13000 C. for complete conversion of methane to solid carbon 
and hydrogen. An alternative approach consists of the use of 
a catalyst that can reduce the operating temperatures of the 
process and increase the rate of methane decomposition 
Which greatly improves the economics of the process and 
increases the yield of hydrogen. This type of methane crack 
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ing is called the thermocatalytic decomposition of methane. 
The thermocatalytic decomposition of methane Was Widely 
reported in the literature since the early 1960s. Despite over 
?fty years of research, several challenges have also been 
reported in the literature With the use of the thermocatalytic 
decomposition of methane. The challenges include green 
house gas emissions during the regeneration of the catalyst, 
contamination of the hydrogen produced With carbon oxides, 
short life time of the catalyst, and production of a Wide varia 
tion of carbon by-products that cannot alWays be controlled. 
[0008] Ethane has also a great potential as a chemical and 
petrochemical feedstock. One of the most important uses of 
ethane is in the chemical industry to produce ethylene by 
steam cracking. As natural gas (methane) is cheap, abundant, 
and readily available, it Would be advantageous to convert 
methane directly into ethane. The selective non-oxidative 
coupling of methane into ethane has been disclosed in the 
literature (see, for example, WO03/ 104171 and WO2009/ 
115805). Despite all substantial research efforts into non 
oxidative methane homologation, such conversion of meth 
ane into ethane does not appear to have become a commercial 
process yet, essentially due to the loW e?iciency of the current 
methods. 
[0009] Thus, there is a need in the art for a hydrogen gen 
eration process or a methane conversion process into valuable 
products that Would solve the above identi?ed problems. 

SUMMARY 

[0010] Methane, Which is the main constituent of natural 
gas, is one of the most Widespread sources of hydrogen and 
carbon in the World. At times, it can be useful to couple 
methane into ethane in order to use the gas for other purposes. 
At other times, it can be useful to decompose methane 
directly into hydrogen and carbon. Advantageously, develop 
ment of an e?icient catalyst that can decompose methane into 
both hydrogen and solid carbon products, such as carbon 
black or carbon nanotubes, or methane into ethane, in a selec 
tive and controllable manner, can improve economy of hydro 
gen production. 
[0011] In one aspect, a method of selectively producing 
hydrogen or ethane from methane includes selecting a tem 
perature suitable for a metal catalyst and a feed gas including 
methane to produce a product having a controlled hydrogen/ 
ethane ratio, predominately hydrogen and a solid carbon 
product or predominately ethane and hydrogen and contact 
ing the feed gas With the metal catalyst at the selected tem 
perature to produce the product. 
[0012] In another aspect, a method of producing hydrogen 
includes contacting a feed gas including methane With a 
ruthenium nanoparticle on a silica nanoparticle support at a 
temperature suitable to produce a product gas including 
hydrogen. 
[0013] In another aspect, a method of selectively producing 
hydrogen or ethane includes selecting a ?rst pressure and a 
?rst temperature suitable to produce hydrogen from methane 
or a second pressure and a second temperature suitable to 
produce ethane from methane and contacting a feed gas 
including methane With a metal catalyst at the selected tem 
perature and selected pressure to produce a product gas 
including hydrogen or ethane. 
[0014] In certain embodiments, the selected temperature 
can be a temperature suitable to produce a product having a 
hydrogen/ethane ratio of at least 3, at least 5, at least 25, at 
least 250 or at least 600. In certain other embodiments, the 
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selected temperature can be less than 10000 C., less than 8000 
C., or greater than 3000 C. Selecting the temperature can 
include choosing a ?rst temperature for the metal catalyst and 
the feed gas to produce a product gas consisting essentially of 
hydrogen or a second temperature for the metal catalyst and 
the feed gas to produce a product gas consisting essentially of 
ethane and hydrogen. 

[0015] In certain embodiments, metal catalyst can include 
ruthenium, nickel, iron, copper, cobalt, palladium, platinum, 
or combinations thereof. The metal catalyst can be supported 
on a solid support. The solid support can include a silicon 
oxide, aluminum oxide, titanium oxide, Zirconium oxide, 
magnesium oxide, cerium oxide, Zinc oxide, molybdenum 
oxide, iron oxide, nickel oxide, cobalt oxide or graphite. 

[0016] In certain embodiments, the method can include 
separating the hydrogen from the solid carbon product. 

[0017] The feed gas can include less than 1000 ppm Water 
or less than 1000 ppm oxygen containing compounds. The 
feed gas can consist essentially of methane and an inert gas. 

[0018] The method described herein can increase selectiv 
ity and ef?ciency of methane conversion compared to com 
petitive processes of oxidative coupling, thermal coupling, 
plasma coupling and non-oxidative catalytic coupling, Which 
are not selective and often require a great deal of energy or 
temperatures in excess of 10000 C. While thermal decompo 
sition of methane results in production of solid carbon prod 
ucts and hydrogen and can reduce or eliminate greenhouse 
gas emission, this process typically can require temperatures 
greater than 13000 C. for complete conversion. A system that 
alloWs for decomposition of methane to hydrogen and solid 
carbon products in a selective manner can signi?cantly 
improve the commercial viability of methane conversion. 

[0019] Other aspects, embodiments, and features Will be 
apparent from the folloWing description, the draWings, and 
the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is a graph depicting thermodynamic minimi 
Zation of Gibbs free energy assuming a system With the fol 
loWing components; CH4 (gas), CZH6 (gas), H2 (gas), and C 
(graphite) at 1 bar, 30 bar and 50 bar. 

DETAILED DESCRIPTION 

[0021] At the moment, in Europe, hydrogen is largely pro 
duced via steam reforming of methane With 60 million tons of 
hydrogen produced and With 500 million tons of CO2. This 
corresponds to 2% of the World emission of CO2. Moreover, 
there are already ten hydrogen pipelines in the World mainly 
in the Netherlands, Belgium and France. This hydrogen can 
also be transported by boat, supertanker, large cylinders and 
roads or by pipelines. Ethane is also a good vector for energy 
and the association of ethane and hydrogen is important, 
?exibility in the production of hydrogen and ethane is also 
important regarding transportation of these tWo gases. 
Although hydrogen can explode as can propane or gasoline, it 
has very high diffusivity in the air so that as soon as it is 
produced it can be diluted easily, Which can improve the 
safety of its use. Indeed, many companies are considering the 
use of hydrogen either in combustion engine or better as neW 
energy source for fuel cell (e. g. in cars). For example, for an 
average car trip of 500 km range, the corresponding and 
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respective energy storage expressed in kg is the folloWing: 33 
kilos of conventional fuel; 540 kilos of lithium battery, or 6 kg 
(at 700 bar) of hydrogen. 
[0022] Methane can be selectively coupled to form ethane 
or selectively decomposed to form hydrogen and a solid car 
bon product depending on reaction conditions, such as tem 
perature and pressure. These tWo processes are commonly 
knoWn as non-oxidative coupling and thermo-catalytic 
decomposition of methane, respectively. Surprisingly, a 
methane coupling catalyst can also be active in thermal 
decomposition of methane under different sets of operating 
conditions. Advantageously, ethane present With the hydro 
gen is easy to separate. 
[0023] The context of neW energy vectors in the next cen 
tury shoWs that large scale practical solutions With loW carbon 
dioxide foot print are really a problem. Therefore, the hydro 
gen generation methodology is extremely timely. Its quick 
development in the next 20 years Will alloW emerging tech 
nology to become practically feasible. Unexpectedly, meth 
ane can be catalytically coupled to ethane and hydrogen at 
relatively loW temperature or to a higher amount of hydrogen 
than ethane at higher temperature. 
[0024] Moreover, the formation of hydrogen and ethane 
does not give carbon dioxide but just carbon, Which by its 
structure can have added value as carbonblack, carbon graph 
ite, carbon ?ber, or carbon nanotube. ValoriZation of carbon is 
extremely important and can be diversi?ed, giving the carbon 
product having an added value to the process of methane 
production. 
[0025] Catalysts and reaction conditions suitable to select 
betWeen the tWo reactions can alloW for synthetic ?exibility, 
Which can lead to clean and e?icient generation of hydrogen 
and/or solid carbon products. Importantly, the catalyst and 
reaction conditions can be selected to avoid rapid deactivation 
of the catalyst While maintaining high selectivity for hydro 
gen production. In certain embodiments, the structure of the 
solid carbon product can be controlled by selecting the tem 
perature, pressure and catalyst used in the reaction. The solid 
carbon product can be carbon black, graphene, carbon 
micro?bers, carbon nano?bers, fullerenes, carbon nanotubes 
(CNTs), single-Walled carbon nanotubes, multi-Walled car 
bon nanotubes, or capped carbon nanotubes. 
[0026] A feed gas including methane is contacted With a 
metal catalyst at a selected temperature to produce a selected 
product. In the method, contacting methane With a metal 
catalyst can include adding the methane to the metal catalyst, 
adding the metal catalyst to the methane, or by simulta 
neously mixing the methane and the metal catalyst. In the 
method, methane can react essentially With itself to couple to 
form ethane, or form hydrogen and a solid carbon product 
depending on reaction conditions using a single metal cata 
lyst. Advantageously, the method can produce a product 
including hydrogen or ethane Without forming detectable 
amounts of carbon-containing products other than alkanes, 
for example of alkenes (e.g. ethylene), of alkynes (e.g. acety 
lene), of aromatic compounds (eg benZene), of carbon mon 
oxide and/ or of carbon dioxide. 

[0027] The feed gas including methane can contain at least 
1%, at least 10%, or at least 20% methane combined With an 
inert gas, such as nitrogen, helium or argon. The mole ratio of 
methane to catalyst can be from about 10:1 to 100,000: 1, from 
about 50:1 to 10,000:1, or from about 100:1 to 1,000:1. The 
feed gas can be dry, having less than 1000 ppm, less than 100 
ppm or less than 10 ppm Water. The feed gas can include less 
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than 1000 ppm Water or other oxygen containing compound, 
such as an alcohol, carbon monoxide or carbon dioxide. 
[0028] The method can be carried out at a selected tempera 
ture of about 1200° C. or less, about 1000° C., greater than 
about 300° C., greater than about 400° C., greater than about 
5000 C., greater than about 600° C., from about 600° C. to 
about 900° C., from about 650° C. to about 800° C. The 
temperature is selected to favor production of hydrogen and a 
solid carbon product from methane or production of ethane 
from methane. The ratio of hydrogen to ethane produced can 
vary With temperature. 
[0029] The method can be carried out at a selected pressure 
of about 0.1 to about 100 bar, about 0.5 to about 50 bar, about 
1 bar, about 5 bar, about 10 bar, about 15 bar, about 20 bar, 
about 25 bar, about 30 bar, about 35 bar, about 40 bar, or about 
45 bar. The pressure is selected to favor production of hydro 
gen and a solid carbon product from methane or production of 
ethane from methane. The ratio of hydrogen to ethane pro 
duced can vary With pressure. 

[0030] The method can be carried out as a batch or continu 
ous process. The method can be carried out in a gas phase or 
a liquid phase system. For example, a ?uidized bed reactor 
and/ or a reactor With a mechanically stirred bed can be used. 
Alternatively, a stationary bed reactor or circulating bed reac 
tor can be used. The gas phase of the product can be continu 
ously removed from the reactor. 
[0031] The metal catalyst can include at least one metal. In 
some embodiments, the metal catalyst can include tWo met 
als. The metal can be a transition metal, for example, ruthe 
nium, nickel, iron, copper, cobalt, palladium, platinum, or 
combinations thereof. The catalyst can include a metal com 
bined With a metal oxide, such as its oWn metal oxide. The 
metal can be a bimetallic or multi-metallic mixture or alloy. 
The catalyst can be activated by reduction With hydrogen at a 
temperature of betWeen 200 and 600° C. for a number of 
hours. Suitable catalysts are described, for example, in 
WO201 1/ 107822, Which is incorporated by reference in its 
entirety. 
[0032] The metal can be on a solid support. The metal can 
be deposited on a surface of the solid support, covalently 
bonded to the surface of the solid support, or entrapped Within 
the solid support. The solid support can, for example, be 
chosen from metal oxides, refractory oxides and molecular 
sieves, in particular from silicon oxides, aluminum oxides, 
Zeolites, clays, titanium oxide, cerium oxide, magnesium 
oxide, niobium oxide, Zinc oxide, molybdenum oxide, iron 
oxide, cobalt oxide, tantalum oxide or Zirconium oxide. The 
metal catalyst can include a metal hydride. 
[0033] The metal of the metal catalyst, or the support, or 
both, can have nanoscale features. For example, the metal can 
be in the form of metal nanoparticles having average diam 
eters of less than 200 nm, for example, 5 nm, 10 nm, 15 nm, 
20 nm, 30 nm, 40 nm, or 50 nm. The nanoparticles can be 
spherical or aspherical. The support can have nanoscale fea 
tures of less than 200 nm, for example, 5 nm, 10 nm, 15 nm, 
20 nm, 30 nm, 40 nm, or 50 nm. The nanoparticles can be 
spherical or aspherical. The support can be, for example, a 
silica nanoparticle. Suitable nanoparticles can be prepared as 
described in V. PolshettiWar, et al., AngeW. Chem. Int. Ed. 
2010, 49, 9652-9656, Which is incorporated by reference in 
its entirety. 
[0034] Methane decomposition is an endothermic process. 
Introduction of high temperature condition in the reactor 
system improves the carbon accumulation and increases the 
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methane conversion by sWitching the equilibrium to the right. 
Nevertheless, high temperature condition is subjected to 
faster deactivation of catalyst. To keep the stability of the 
catalyst, loWer reaction temperature is applied or With diluted 
methane, but these reduce the catalytic activity. 
[0035] Reaction temperature can have a great in?uence on 
catalyst activity, catalyst lifetime and morphology of the solid 
carbon product that is produced. Temperature elevation can 
result in a disproportionately rapid catalyst deactivation. At 
high temperature, the catalyst can be in a quasi-liquid state 
Where the catalyst particles are easily cut into small particles 
and the small particles that can be easily encapsulated by the 
carbon layer formed during methane decomposition, contrib 
uting to faster catalyst deactivation. At loW temperature, the 
catalyst remains in solid state rather than in quasi-liquid state 
and it sustains the activity of catalysis process. Selection of 
the proper catalyst material can result in catalyst surfaces that 
do not foul from carbon deposition during the process. In 
certain examples, ruthenium catalysts are particularly suit 
able to avoid fouling from carbon deposition. 
[0036] Carbon nanotube production can be preferable at 
moderate temperature in order to prolong the catalyst life 
time, but can result in loW methane conversion. LoW methane 
conversion can be addressed by separation of the methane 
hydrogen mixture at the reactor e?iuent, folloWed by recy 
cling of methane. Alternatively, a membrane reactor can be 
used to remove continuously produced hydrogen from meth 
ane decomposition reaction. This alternative can increase 
methane conversion and enhance the loWer temperature reac 
tion. Separation of methane from hydrogen product can 
increase the operation cost and the hydrogen permeating 
membrane makes the reactor structure complex. This catalyst 
system and the optimum operating conditions are expected to 
contribute effectively toWards large-scale production of car 
bon nanotubes and hydrogen through methane decomposi 
tion reaction by using methane gas as carbon source. 
[0037] Thermodynamics calculations based on the minimi 
Zation of Gibbs free energy assuming a system With the fol 
loWing components; CH4 (gas), C2H6 (gas), H2 (gas), and C 
(graphite) Was carried out at various pressures. The results of 
the thermodynamics calculation at 1 bar, 30 bar and 50 bar are 
shoWn in FIG. 1. 

Examples 

Catalyst Preparation 

[0038] Preparation of KCCil -NH2: 
[0039] To a 25 mL round-bottom ?ask, 150 mL of anhy 
drous toluene, 12.00 g KCC-l, and 40 mL of 3-aminopropy 
ltriethoxysilane (APTS) Were successively introduced. The 
mixture Was re?uxed for 48 h. The solution Was ?ltered, the 
solid Was Washed With acetone and chloroform, and the solid 
Was dried overnight at 65° C. under vacuum to yield the 
KCCil -NH2 nano-composite. Synthesis of suitable cata 
lysts are described, for example, in WO201 1/ 107822, Which 
is incorporated by reference in its entirety. 
[0040] Preparation of Catalysts (KCCiI-NHZ/ Ru NPs, 
KCCil-NHz/Fe NPs, KCCil-NHz/Co NPs): 
[0041] A Schlenk ?ask Was charged With 3 g of KCCil 
NH2 material and the required amount of metal chloride (e.g. 
RuCl3, FeCl2, CoCl2), (e.g., 0.21 g ofRuCl3) Was sonicated in 
50 ml of deioniZed Water for 2 h. The mixture Was stirred for 
72 h at room temperature. The solid Was collected by cen 
trifugation and Washed several times With Water, ethanol and 
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acetone. The solid Was then dried under reduced pressure at 
65° C. for 16 h, Which resulted in a grey powder (3.2 g). The n(H2)cOup1ing: n(C2H6) 
reduction Was performed in a ?xed-bed continuous ?oW reac 
tor. For the in situ preparation of the ruthenium nanoparticles, "(H3 M D : 2”(C) 
the unreduced catalyst (200 mg) Was placed in a stainless steel n(H2) - n(C2H6) 
tubular reactor With a 9-mm internal diameter and Was n(c) : 2 

reduced in a stream of hydrogen (20 mL/min) at 4000 C. for ‘ 1_5n(c2H6) + 05,4112) 
16 h. The ruthenium content of the ?nal material Was deter- convemon: n(cH4) + 1_5n(C2H6) + 0_5n(H2) 
mined by ICP elemental analysis and Was found to be 4.2%. 

Catalytic Tests [0051] Assuming that there is no signi?cant change in total 

[0042] The catalytic tests for methane coupling and/or number of moles before and after reacnon; 
decomposition Were carried out in a ?xed-bed continuous 

?oW reactor. The poWdered catalyst Was charged in a stainless ‘ _ LMCZHQ + QMHZ) I 
steel tubular reactor that Was placed 1n an electric fumace. converSlOIl- m. 
The temperature 1n the reactor Was controlled by a PID tem 
perature controller connected to the thermocouple placed 
inside catalyst bed and maintained With a frit. X:II10121I‘ fraction determined from GC 

[0043] cataiyltic acltivityégxijas dheltetrlrlnined by ?lingéltie [0052] Yield of H2. 
reac or W1 2 un 1 reac mg ar. e ane Was a oWe o , , , 

pass over the catalyst at a rate varied betWeen 3 and 12 [00153] flilach mole of CH4 glves Ideally a maxlmum of 2 
mL/min. The individual gas ?oW rates Were controlled using m0 es 0 2' 

mass ?oW controllers, previously calibrated for each speci?c [0054] Thus, 
gas. The activity of the catalyst Was tested continuously sev 
eral hours, by keeping the catalyst at a constant temperature, 
until the conversion is stabiliZed. H2 yield (0%) : "(H21 
[0044] The feed gases and the products Were analyZed Znlcmhn 
employing an online Gas Chromatograph equipped With H2 .61 d (0%) _ n(HZ) 
TCD and FID detectors using He and H2 as a carrier gases yl _ 2><(n(CH4)+1.5n(C2H6)+O.5n(H2)) 
respectively. 
[0045] First of all, the idea Was to test catalysts in the _ 
reaction of methane coupling (equation 1) and to study the [0055] Yleld of C23 
effect of the temperature under isobar conditions (30 bars). [0056] Each mole of CH4 gives ideally a maximum of 0.5 
[0046] By de?nition, the conversion of methane is moles of C2H6, 

[0057] Thus, 

, n(CH4)1n — n(CH4)out 
COIIVCI‘SIOII : — 

n(CH4)1n , n(C2H6) 

C2 y1eld (%) = [0047] Assuming the folloWing tWo reactions C2 . 1d ((7 ) _ n(CZH6) 

Y” 0 _ 0.5><(n(CH4)+1.5n(C2H6)+0.5n(H2)) 
2CH4—>C2H6+H2 

CH4—>C(S)+2H2 
[0048] From carbon balance, The number of moles of Catalyst Runs 
methane introduced should be equal to _ _ _ 

I [0058] React1ons Were carr1ed out us1ng as a catalyst KCC 
”(CH4)’” :”(CH4)+2”(C2H6)+”(C) l/Ru nanoparticles, 4.1 Wt % Ru. Unless otherWise noted, the 

[0049] HoWever, n(c) is unknown, but can be estimated as reactions used 200 mg Catalyst, Pressure 29 bar, methane ?OW 
folloWs; of 3 ml/min. 
[0050] The total number Ofmoles of H2 in the gas Phase is [0059] The data in Table 1 Were for reactions carried out 

n(H2):n(H2)cOuphng+n(H2)MD; MDIHWHMn6 regeneration of catalyst (15 h at 4000 C. under an H2 How of 
decomposition 20 ml/ min). 

TABLE 1 

Conditions Experimental Thermodynamics 

Catalyst Molar C2 H2 C2 
loading Temperature CH4 Ratio Conversion Yield Yield Conversion H2 Yield 
(mg) (0 C.) (ml/min) (HZ/C2) (%) (%) (%) (%) H2/C2 yield (%) 

200 400 3 5.65 0.32 0.16 0.2 2.3 316 2.3 0.01 

200 400 3 5.33 0.31 0.14 0.2 2.3 316 2.3 0.01 

200 500 3 45.59 1.14 0.1 1.07 6.1 557 6.1 0.02 
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Conditions Experimental Thermodynamics 

Catalyst Molar C2 H2 C2 
loading Temperature CH4 Ratio Conversion Yield Yield Conversion H2 Yield 
(mg) (0 0.) (ml/min) (HZ/C2) (%) (%) (%) (%) H2/C2 yield (%) 

200 400 3 5.58 0.28 0.13 0.18 2.3 316 2.3 0.01 
200 400 6 3.66 0.22 0.13 0.12 2.3 316 2.3 0.01 
200 400 9 5.36 0.22 0.11 0.13 2.3 316 2.3 0.01 
200 400 12 7.31 0.08 0.01 0.07 2.3 316 2.3 0.01 
500 400 6 3.72 0.24 0.14 0.13 2.3 316 2.3 0.01 
500 400 6 3.13 i i i 2.3 316 2.3 0.01 

500 600 3 290.09 5.08 0.07 5.03 13.3 1987 13.3 0.03 
500 700 3 857.05 12.7 0.06 12.6 24.5 3090 24.5 0.03 

[0060] It is notable that the experimental yields of C2 are 
higher than those expected from thermodynamics. 
[0061] Additional experiments using iron or cobalt metals 
as catalysts Were conducted, and the results are summarized 
in Table 2. 

TABLE 2 

Temp Time CH4 H2/C2H6 Conversion CZH6 yield H2 yield C yield 
catalyst (0 C) (h) (ml/min) molar ratio (%) (%) (%) (%) 

KCC-l/Fe 600 24 3 n/a 3.23 Not 2.16 1.08 
NPs measured 

700 24 3 n/a 23.70 Not 15.80 7.90 
measured 

800 24 3 n/a 99.34 Not 66.23 33.11 
measured 

KCC-l/Co 600 24 3 n/a 0.68 Not 0.45 0.23 
NPs measured 

700 24 3 n/a 8.48 Not 5.65 2.83 
measured 

800 24 3 n/a 99.77 Not 66.52 33.26 
measured 

[0062] The obtained results indicated tWo parallel competi- 5. The method of claim 1, Wherein the selected temperature 
tive reactions can take place: i) coupling of methane into 
ethane, and ii) thermal decomposition of methane to hydro 
gen and carbon. 

[0063] Other embodiments are Within the scope of the fol 
lowing claims. 

What is claimed is: 

1. A method of selectively producing hydrogen or ethane 
from methane comprising: 

selecting a temperature suitable for a metal catalyst and a 
feed gas including methane to produce a product having 
a controlled hydrogen/ ethane ratio, predominately 
hydrogen and a solid carbon product or predominately 
ethane and hydrogen; 

contacting the feed gas With the metal catalyst at the 
selected temperature to produce the product. 

2. The method of claim 1, Wherein the selected temperature 
is a temperature suitable to produce a product having a hydro 
gen/ ethane ratio of at least 3. 

3. The method of claim 1, Wherein the selected temperature 
is a temperature suitable to produce a product having a hydro 
gen/ ethane ratio of at least 5. 

4. The method of claim 1, Wherein the selected temperature 
is a temperature suitable to produce a product gas having a 
hydrogen/ ethane ratio of at least 25. 

is a temperature suitable to produce a product gas having a 
hydrogen/ethane ratio of at least 250. 

6. The method of claim 1, Wherein the selected temperature 
is a temperature suitable to produce a product gas having a 
hydrogen/ethane ratio of at least 600. 

7. The method of claim 1, Wherein the selected temperature 
is less than 10000 C. 

8. The method of claim 1, Wherein the selected temperature 
is less than 8000 C. 

9. The method of claim 1, Wherein the selected temperature 
is greater than 3000 C. 

10. The method of claim 1, Wherein the metal catalyst 
includes ruthenium, nickel, iron, copper, cobalt, palladium, 
platinum, or combinations thereof. 

11. The method of claim 1, Wherein the metal catalyst is 
supported on a solid support. 

12. The method of claim 11, Wherein the solid support 
includes a silicon oxide, aluminum oxide, titanium oxide, 
Zirconium oxide, magnesium oxide, cerium oxide, Zinc 
oxide, molybdenum oxide, iron oxide, nickel oxide, cobalt 
oxide or graphite. 

13. The method of claim 1, further comprising separating 
the hydrogen from the solid carbon product. 

14. The method of claim 1, Wherein the feed gas comprises 
less than 1000 ppm Water. 
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15. The method of claim 1, wherein the feed gas consists 
essentially of methane and an inert gas. 

16. The method of claim 1, Wherein the feed gas includes 
less than 1000 ppm oxygen containing compounds. 

17. The method of claim 1, Wherein selecting the tempera 
ture includes choosing a ?rst temperature for the metal cata 
lyst and the feed gas to produce a product gas consisting 
essentially of hydrogen or a second temperature for the metal 
catalyst and the feed gas to produce a product gas consisting 
essentially of ethane and hydrogen. 

18. A method of producing hydrogen comprising contact 
ing a feed gas including methane With a ruthenium nanopar 
ticle on a silica nanoparticle support at a temperature suitable 
to produce a product gas including hydrogen. 

19. A method of selectively producing hydrogen or ethane 
comprising selecting a ?rst pressure and a ?rst temperature 
suitable to produce hydrogen from methane or a second pres 
sure and a second temperature suitable to produce ethane 
from methane and contacting a feed gas including methane 
With a metal catalyst at the selected temperature and selected 
pressure to produce a product gas including hydrogen or 
ethane. 
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