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(57) ABSTRACT 

The present invention provides a method of producing a 
CuZnAlZr oxide catalyst consisting of reacting an aqueous 
NaOH solution and aqueous NACO3 solution With a mixture 
of aqueous solutions of each nitrate of Cu, Zn, A1, and Zr, 
producing a precipitate by coprecipitation, aging, ?ltering, 
Washing and drying this precipitate to prepare a catalyst 
precursor consisting of a CuZnAlZr layered double hydrox 
ide, and then obtaining a CuZnAlZr oxide by calcining this 
precursor in an air ambient atmosphere, a CuZnAlZr oxide 
catalyst, a CuZnZrCe oxide catalyst, a CoCuZnAl oxide 
catalyst for producing hydrogen by oxidative steam reform 
ing of methanol, and methods of producing hydrogen gas 
consisting of converting methanol to hydrogen gas by oxi 
dative steam reforming in the presence of air and steam 
using these oxide catalysts. 
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CATALYSTS FOR OXIDATIVE STEAM 
REFORMING OF METHANOL AS A NEW AND 
EFFICIENT METHOD FOR THE SELECTIVE 

PRODUCTION OF HYDROGEN FOR FUEL CELLS 
AND THEIR SYNTHESIS METHOD 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to novel oxide cata 
lysts, methods of producing the same, and methods of 
producing hydrogen gas by simultaneously performing par 
tial oxidation and steam reforming of methanol (this reaction 
is called oxidative steam reforming of methanol), and in 
further detail, relates to novel oxide catalysts, methods of 
producing these catalysts from a hydrotalcite-like layered 
double hydroxide and the like, and methods of producing 
hydrogen gas With a high conversion rate and selectivity 
using these catalysts, each of With Which it is possible to 
produce hydrogen gas containing no CO Whatsoever, or 
containing only very little CO, by simultaneously promoting 
partial oxidation and steam reforming of methanol. 

[0003] The present invention provides novel oxide cata 
lysts, methods of producing these catalysts from a hydro 
talcite-like layered double hydroxide and the like, and 
methods of producing hydrogen gas With a high conversion 
rate and selectivity using these catalysts. 

[0004] 2. Description of the Related Art 

[0005] Hydrogen is receiving attention as a neW energy 
source that Will replace fossil fuels today When there is a fear 
of exhausting fossil fuels. Hydrogen is the fuel in fuel cells 
and is replacing electrical energy. In this case, it is a clean 
energy source because the only Waste product after genera 
tion of electricity is Water, as Well as in terms of measures 
against global Warming. Moreover, hydrogen is an energy 
source that favors the environment because nitrogen oxides, 
sulfur compounds, hydrocarbons, etc., Which are a burden to 
the environment, are not emitted. There are tWo systems of 
fuel cells, ?xed systems that are large and have high output 
and mobile systems that are small and lightWeight, but the 
fuel cells being studied for use in automobiles, etc., are the 
latter mobile systems. 

[0006] The problem here is hoW to obtain hydrogen. One 
solution is the method Whereby hydrogen is obtained from 
methanol by any of the folloWing reactions using a catalyst: 

[0007] (1) Decomposition of Methanol 
CH3OH<:>2H2+COAH=+92.O kI/mol 

[0008] (2) Steam Reforming of Methanol 
CH3OH+H2O¢>3H2+CO2AH=+49A kJ/mol 

[0009] (3) Partial Oxidation of Methanol 
CH3OH+(1/2)O2<I>2H2+CO2AH=-192.2 kJ/mol 

[0010] AH=heat of the reaction 

[0011] The above-mentioned reactions have a problem in 
that if the gas contains even a trace (20 ppm) of CO When 
the hydrogen that has been obtained is introduced to a fuel 
cell and converted to electricity, this CO Will damage the Pt 
electrodes of the fuel cells and there Will be a drastic 
reduction in output. Consequently, it is desirable that the 
hydrogen gas contain no CO. Nevertheless, by means of 
above-mentioned reaction (1), large amounts of CO are 
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produced With the hydrogen and by means of above-men 
tioned reaction (2) as Well, although not as much as by 
reaction (1), 100 ppm or more of CO are produced. More 
over, several 10 ppm CO are produced by above-mentioned 
reaction (3) and the hydrogen cannot be used as the fuel for 
fuel cells as is. 

[0012] Steam is introduced and a Water-gas shift reaction 
(WGSR), or oxidation, is performed in order to eliminate 
CO from hydrogen gas, but this is accompanied by a neW 
problem in that the device is larger and cost is higher. 

[0013] The reaction formulas of the Water-gas shift reac 
tion and oxidation reaction are shoWn beloW: 

[0014] (4) CO Water-gas Shift Reaction 
CO+H2O<II>H2+CO2 

[0015] (5) CO Oxidation Reaction 

CO+(1/z)O2<:->CO2 
[0016] Consequently, a method of producing hydrogen 
With Which CO is not generated by development of a neW 
catalyst is forthcoming. 

[0017] The method Whereby a CuOZnO catalyst is used is 
a method of producing hydrogen by partial oxidation of 
methanol (T. Huang and S. Wang, Appl. Catal., Vol 24, 
(1986) p. 287). 
[0018] This method shoWed highest activity With a 
Cu:Zn=40:60 catalyst at a reaction temperature of 220 to 
290° C. as a result of conducting tests With a CuzZn (Wt %) 
ratio=82:18 to 7:93. 

[0019] HoWever, there Was sudden degradation of cata 
lytic activity Within an hour. Moreover, there Was an 
increase in the oxygen/methanol ratio as Well as an increase 
in the CO concentration. 

[0020] Moreover, there are methods that use CuZn oxide 
and CuZnAl oxide catalysts (L. Alejo, R. Iago, M. A. Pena 
and J. L. G. Fierro, Appl. Catal., Vol. 162 (1997) p. 281). 

[0021] This CuZn-oxide catalyst is Cu:Zn=20:80 to 40:60 
and this CuZnAl oxide-catalyst is Cu:Zn:Al=40:55 :15 . 

[0022] The mixture of the catalyst precursors Zn5(CO3) 
2(OH)6, Cu2(CO3)(OH)2 and Zn3Cu2(CO3)2(OH)6 here 
becomes a mixture of ZnO and CuO after heating. 

[0023] The reaction temperature is 200 to 230° C. and the 
oxygen/methanol ratio is 0.06. 

[0024] There is further a method that uses Pd-supporting 
ZnO catalysts (M. L. Cubeiro and J. L. G. Fierro, J. Catal., 
Vol. 179 (1998) p. 150). 

[0025] The Pd concentration of this Pd-supporting ZnO 
catalyst is 1 to 5 Wt % and the reaction temperature is 230 
to 270° C. 

[0026] HoWever, an extremely high concentration (20 to 
40 mol %) of CO by-product is generated by this method. 

[0027] Thus, there have been various reports of methods 
of producing hydrogen by partial oxidation of methanol in 
the past, but there are problems in that they should be further 
improved as methods of producing hydrogen Without gen 
erating CO, and there is a strong demand for development of 
the same. 
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[0028] On the other hand, there are many reports of 
methods of producing hydrogen by steam reforming of 
methanol. HoWever, the Water-gas shift reaction or oxidation 
must also be used in order to eliminate the CO by-product 
and therefore, a larger device and an higher cost are unavoid 
able. 

[0029] Thus, there have been many reports of method of 
producing hydrogen gas by partial oxidation or steam 
reforming of methanol in the past, but there are problems in 
that they should be further improved as methods of produc 
ing hydrogen gas With no CO by-product and there is a 
strong demand for a solution to the same. 

[0030] Under such conditions, the inventors proceeded 
With intense studies in order to develop methods of produc 
ing hydrogen gas at a high conversion rate and high selec 
tivity by simultaneously performing partial oxidation and 
steam reforming of methanol in light of the above-men 
tioned conventional technology and successfully completed 
the present invention upon (1) discovering methods of 
preparing oxide catalysts by making catalyst precursors 
consisting of a hydrotalcite-like layered double hydroxide 
and the like by coprecipitation and heating these at a 
temperature of about 450° C. , and (2) successfully produc 
ing hydrogen gas containing no CO at all, or containing only 
very little CO, When oxidative steam reforming of methanol 
Was performed using these oxide catalysts. 

SUMMARY OF THE INVENTION 

[0031] The object of the present invention is to provide 
catalysts for producing hydrogen by oxidative steam reform 
ing of methanol, methods of producing the same, and 
methods of producing hydrogen gas using these catalysts, 
and this is accomplished by a method of producing a 
CuZnAlZr oxide catalyst consisting of reacting an aqueous 
NaOH solution and aqueous NACO3 solution With a mixture 
of aqueous solutions of each nitrate of Cu, Zn, Al, and Zr, 
producing a precipitate by coprecipitation, aging, ?ltering, 
Washing and drying this precipitate to prepare a catalyst 
precursor consisting of a CuZnAlZr layered double hydrox 
ide, and then obtaining a CuZnAlZr oxide by calcining this 
precursor in an air ambient atmosphere, a CuZnAlZr oxide 
catalyst, a CuZnZrCe oxide catalyst, a CoCuZnAl oxide 
catalyst for producing hydrogen by oxidative steam reform 
ing of methanol, and methods of producing hydrogen gas 
consisting of converting methanol to hydrogen gas by oxi 
dative steam reforming in the presence of air and steam 
using these oxide catalysts. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] It is an object of the present invention to provide 
novel oxide catalysts used in the production of hydrogen gas 
by oxidative steam reforming of methanol. 

[0033] Another object of the present invention is to pro 
vide methods of producing the above-mentioned oxide cata 
lysts from catalyst precursors consisting of a hydrotalcite 
like layered double hydroxide and the like. 

[0034] Yet another object of the present invention is to 
provide methods of producing hydrogen gas Without gener 
ating CO using these catalysts. 

[0035] The present invention for solving the above-men 
tioned problems comprises the folloWing technical means. 
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[0036] (1) A method of producing a CuZnAlZr oxide 
catalyst, comprising the steps of: 

[0037] reacting a mixture of aqueous solutions of 
each nitrate of Cu, Zn, Al, and Zr With an aqueous 
NaOH solution and aqueous NaCO3 solution; 

[0038] producing a precipitate by coprecipitation; 

[0039] aging, ?ltering, Washing, and drying this pre 
cipitate to prepare a catalyst precursor consisting of 
a CuZnAlZr layered double hydroxide; and 

[0040] then calcining this catalyst precursor in an air 
ambient atmosphere to obtain a CuZnAlZr oxide. 

[0041] (2) The method of producing a CuZnAlZr oxide 
catalyst according to above (1), Wherein the molecular ratio 
of Cu, Zn, Al, and Zr in the starting solution is (Cu+Zn)/ 
(Al+Zr)=2to 4. 
[0042] (3) A CuZnAlZr oxide catalyst for hydrogen pro 
duction by oxidative steam reforming of methanol, Which is 
produced by the method according to above (1) or 

[0043] (4) A CuZnZrCe oxide catalyst for hydrogen pro 
duction by oxidative steam reforming of methanol, Which is 
produced by the steps of: 

[0044] preparing a catalyst precursor consisting of 
aurichalcite; and 

[0045] then calcining this catalyst precursor in an air 
ambient atmosphere to obtain the CuZnZrCe oxide. 

[0046] (5) A CoCuZnAl oxide catalyst for hydrogen pro 
duction by oxidative steam reforming of methanol, Which is 
produced by the steps of: 

[0047] preparing a catalyst precursor consisting of 
aurichalcite; and 

[0048] then calcining this catalyst precursor in an air 
ambient atmosphere to obtain the CoCuZnAl oxide. 

[0049] (6) Amethod of producing hydrogen gas, compris 
ing the step of: 

[0050] converting methanol to hydrogen gas by oxi 
dative steam reforming of methanol in the presence 
of both air and steam using the oxide catalyst 
described in any of above (3) to 

[0051] (7) The method of producing hydrogen gas accord 
ing to above (6), Wherein 

[0052] oxygen/methanol (molar ratio)=0.1 to 0.5 and 

[0053] 
[0054] (8) The method of producing hydrogen gas accord 
ing to above (6), Wherein the reaction temperature is 200 to 
250° C. 

steam/methanol (molar ratio)=0.8 to 2.0. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0055] FIG. 1 is a diagram explaining the device used in 
the examples. 

[0056] FIG. 2 is an explanatory diagram shoWing the 
effects of reaction temperature on partial oxidation, steam 
reforming, and oxidative reforming of methanol using 
CZAZ-C catalyst. 
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[0057] FIG. 3 is an explanatory diagram showing the 
effects of temperature on catalytic performance over 
CoCuZnAl-oxide catalysts in the oxidative steam reforming 
of methanol reaction. (A) MeOH conversion, (B) H2 pro 
duction rate, (C) CO production rate, (D) CO2 production 
rate. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0058] The present invention Will be described in further 
detail beloW: 

[0059] The novel catalysts of the present invention consist 
of CuZnAlZr oxide, CuZnZrCe oxide, CoCuZnAl oxide. 
For instance, this CuZnAlZr oxide catalyst is produced as 
folloWs. Also, CuZnZrCe oxide catalyst, CoCuZnAl oxide 
catalyst are produced in the same Way. 

[0060] A nitrate of each of Cu, Zn, Al, and Zr is prepared 
as the starting material. A mixture of aqueous solutions of 
these and aqueous NaOH solution and aqueous NaCO3 
solution are reacted and a precipitate is formed by copre 
cipitation. In this case, a precipitate is formed by adding 
aqueous NaOH solution, aqueous NaCO3 solution, or a 
mixture of aqueous NaOH solution and aqueous NaCO3 
solution to the above-mentioned mixture a little at a time 

While agitating With the mixture at room temperature and pH 
of approximately 9. The aqueous NaOH solution and aque 
ous NaCO3 solution can be added separately or simulta 
neously and there is no particular restriction to the method 
of adding the same. 

[0061] The molar ratio of the Cu, Zn, Al, and Zr in the 
starting materials should be (Cu+Zn)/(Al+Zr)=2 to 4. Fur 
thermore, it is not a problem if there are no molecules of 

either the Al or Zr in (Al+Zr). That is, the molecular ratio in 
this case is preferably (Cu+Zn)/Zr=2 to 4 or (Cu+Zn)/Al=2 
to 4. 

[0062] Next, the above-mentioned precipitate is aged at 
approximately 65° C. and ?ltered and then this is Washed 
With deioniZed Water, etc., until the pH of the ?ltrate 
becomes neutral and dried to prepare a catalyst precursor 
consisting of a hydrotalcite-like CuZnAlZr layered double 
hydroxide. There are no particular restrictions to these 
means and conditions. 

[0063] Then this catalyst precursor consisting of hydro 
talcite-like layered double hydroxide is calcined in an air 
ambient atmosphere at, for instance, approximately 450° C. 
to prepare the CuZnAlZr oxide. The method in Which the 
above-mentioned catalyst precursor is introduced to an 
electric oven and kept at approximately 450° C. for approxi 
mately 5 hours after raising temperature from room tem 
perature at approximately 10° C. min“1 is an ideal example 
of the methods and conditions of calcination. HoWever, there 
are no particular restrictions as long they are a heating 
temperature and heating time at Which the above-mentioned 
catalyst precursor Will calcine. 

[0064] Next, by means of the method of the present 
invention, hydrogen gas is produced by converting methanol 

May 2, 2002 

to hydrogen gas by oxidative steam reforming in the pres 
ence of both air and steam using the oxide catalysts pro 
duced by the above-mentioned methods. HoWever, in this 
case, hydrogen gas is produced Without any CO by-product 
being produced, or only very little CO by-product being 
produced. 

[0065] In this case, the oxygen/methanol molar ratio is 
preferably 0.1 to 0.5 and the steam/methanol (molar ratio) is 
ideally 0.8 to 2.0. Hydrogen gas is produced at a high 
conversion rate and high selectivity Within these ranges. 
Moreover, the reaction time is 200 to 250° C., more pref 
erably 220 to 240° C. 

[0066] The present invention is useful as one that makes it 
possible to provide methods of producing hydrogen gas 
Without producing CO by-product by oxidative steam 
reforming of methanol. 

EXAMPLES 

[0067] The present invention Will be explained in more 
speci?c terms With examples, but the present invention is not 
limited in any Way to the folloWing examples: 

Example 1 
[0068] Catalyst precursor and catalyst Were prepared in 
the present example. 

[0069] 1) Method 
[0070] Aprecipitate Was formed by adding aqueous NaOH 
solution (concentration of approximately 2 M), an aqueous 
NaCO3 solution (concentration of approximately 0.3 M), or 
a mixture of aqueous NaOH solution (concentration of 
approximately 2 M) and aqueous NaCO3 solution (concen 
tration of approximately 0.3 M) a little at a time to a mixture 
of aqueous solutions of each nitrate of Cu, Zn, Al, and Zr 
(mixed so that the molecular ratio of Cu, Zn, Al, and Zr 
Would be one of (Cu+Zn)/(Zl+Zr)=2 to 4, (Cu+Zn)/Zr=2 to 
4, (Cu+Zn)/Al=2 to 4) While agitating With the mixture at 
room temperature and pH of approximately 9. 

[0071] Next, the precipitate Was aged While stirring for 30 
minutes at 65° C. and ?ltered. The precipitate Was then 
Washed several times (3 to 5 times) With deioniZed Water 
until pH of the ?ltrate became 7. It Was dried at 70° C. to 
prepare the CuZnAlZr layered double hydroxide (precursor 
catalyst). 
[0072] Then this CuZnAlZr layered double hydroxide 
(catalyst precursor) Was heated for 5 hours at 450° C. in an 
electric furnace With an air ambient atmosphere to prepare 
the CuZnAlZr oxide (catalyst of the present invention). 

[0073] 2) Results 
[0074] The physical and chemical properties of the 
CuZnAlZr oxide catalyst synthesiZed in this example (after 
heating at 450° C. ) are shoWn in Table 1. 

[0075] The name of the catalyst is represented by CZAZ-A 
through E in Table 1. The molecular ratio of the metal Cu, 
Zn, Al, and Zr in the precursor is the result of X-ray 
?uorescence spectroscopy determination, the SBET is the 
surface area found by the nitrogen adsorption method, the 
amount of H2 consumed is the result found from TPR 
(temperature programmed reduction) —N2O determina 
tions, and CCU, DOD, and tCu are the speci?c surface area, 
degree of dispersion and Cu crystallite siZe, respectively. 
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TABLE 1 
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Physicochemical properties of CuZnAl(Zr)-oxide catalysts 

Metal composition of the 
precursors atomic ratio “ SBET/ H2 consumptionb/ 

Catalyst Cu Zn Al Zr mzgi1 mmol g’l SCH/m2 g’l DC“ (%) ‘Cu/A 

CZAZ-A 0.73 0.88 1.00 0.00 56 3.3 203 38.6 26 
CZAZ-B 1.02 1.30 1.00 0.00 71 3.6 181 34.3 29 
CZAZ-C 1.42 1.71 1.00 0.00 84 6.0 176 33.4 30 
CZAZ-D 1.37 1.80 1.00 0.00 108 4.2 227 43.1 23 
CZAZ-E 1.40 1.65 0.45 0.55 82 4.7 232 44.0 23 
CZAZ-F 1.38 1.72 0.00 1.00 75 4.3 279 52.9 19 

3Determined by X-ray ?uorescence spectroscopy. 
bHydrogen consumption estimated by the temperature programmed reduction (T PR) experiments. 

Example 2 
[0076] (Production of Hydrogen Gas by Oxidative Steam 
Reforming of Methanol) 

[0077] 1) Device 
[0078] The catalyst experimental device for oxidative 
steam reforming used in experiments of the catalysts of the 
present example is shoWn in FIG. 1. This device consists of 
the folloWing constituents: 

[0079] Structure: small electric furnace 7, quartz glass 
reaction tube 8 (diameter=4 mm), microfeeder 5 (device for 
feeding mixture of methanol and Water), gas chromatograph 
10 (gas analyzer), recorder 11 (for recording output of gas 
chromatograph), argon gas cylinder 1, air cylinder 2 (oxygen 
concentration of 20.2%, nitrogen concentration of 79.8%), 
temperature controller 9, ribbon heater 6, and devices 3 and 
4 for adjusting the flow rate. 

[0080] 2) Conditions and Method for Experiments 

[0081] The experimental conditions are shoWn beloW: 

[0082] (a) Experimental Method 
[0083] The experiments Were performed under the folloW 
ing conditions With a normal pressure ?xed bed flow 
through system. 

[0084] Amount of catalyst used: 90 mg 

[0085] Catalyst particle diameter: 0.30 to 0.355 mm in 
diameter 

[0086] Reaction temperature: 180 to 290° C. 

[0087] (b) Reduction Method 

[0088] The CuZnAlZr oxide catalyst Was subjected to 
reduction before the determinations of catalytic performance 
thereof. 

[0089] That is, the catalyst temperature Was raised from 
room temperature to 300° C. at 5° C. min“1 While running 
hydrogen at 10 cm3 min-1 through 90 mg CuZnAlZr oxide 
catalyst packed in the quartz glass reaction tube. After being 
kept for 2 hours at 300° C., temperature Was loWered to the 
determination temperature and the product Was submitted to 
the determinations. 

[0090] (c) Determination Method 

[0091] Water/methanol (molar ratio)=1.3 Was introduced 
to the catalyst layer at a rate of 1.6 or 2.5 cm3 h“1 using a 

microfeeder. Air (oxygen concentration of 20.2%, nitrogen 
concentration of 79.8%) Was introduced at 10 to 20 cm3 
min“1 and argon gas Was introduced as carrier gas at 43 cm3 
min-1. The reaction product and unreacted matter Were 
analyzed by 2 gas chromatographs (With TCD detectors) 
connected on line. A 2 m long separation column packed 
With porapak Q Was attached to 1 gas chromatograph and the 
Water and methanol Were analyzed. A 2 ml long separation 
column packed With active charcoal Was attached to the 
second gas chromatograph and the hydrogen, air, CO, CO2, 
and methane Were analyzed. Incidentally, the determination 
data 25 hours after starting the reaction Were used. 

[0092] 3) Catalyst 
[0093] The 6 types of CuZnAlZr oxide catalysts of 
CZAZ-A through E in Table 1 Was subjected to reduction 
and then the catalytic performance thereof Was determined. 

[0094] 4) Determination Results 

[0095] The determination results When the reaction tem 
perature Was 230° C. are shoWn in Table 2. In Table 2, the 
methanol conversion rate of each catalyst is shoWn by mol 
% and mmol kg (catalyst)_1 s_1, the amount of hydrogen 
produced is shoWn by mmol kg (catalyst)_1 5'1, and the TOP 
is shoWn by ><103 s_1. Furthermore, CO and CO2 selectivity 
(mol %) are shoWn. 

TABLE 2 

Performance of various CuZnAl(Zr)-oxide catalysts in the oxidative 
steam reforming of methanol after 25 h of on-stream operation 

at 230° C. 

H2 
MeOH H2 production 

conversion production rate/ Carbon 

Rate/ rate/ TOF/ CH3OH selectivity 
mol mmol mmole 103 conversion mol % 

Catalyst % kg’l s’1 kg’l s’1 s’1 rate CO CO2 

CZAZ-A 37.6 177 378 77 2.1 0.0 100 
CZAZ-B 65.4 297 730 166 2.5 0.0 100 
CZAZ-C 68.1 348 900 211 2.6 0.0 100 
CZAZ-Ca 100.0 215 542 127 2.5 0.0 100 
CZAZ-D 79.6 468 1210 215 2.6 1.2 98.8 
CZAZ-E 85.4 630 1626 254 2.6 1.1 98.9 
CZAZ-F 90.0 661 1714 295 2.6 0.8 99.2 

aCH3OH: 8.8 cm3 minil; H2O: 11.4 cm3 minil. 
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Example 3 

[0096] (Comparison of Methanol Partial Oxidation, Steam 
Reforming and Oxidative Steam Reforming) 

[0097] The results using catalyst CZAZ-C at a reaction 
temperature of 200 to 290° C. are shoWn in FIG. 2. (A) in 
the ?gure shoWs the methanol conversion rate, (B) shoWs the 
amount of hydrogen produced, and (C) shoWs the results of 
CO and CO2 selectivity. 

[0098] The methanol conversion rate during oxidative 
steam reforming increased as the reaction temperature rose 
from 200° C. and Was already 100 mol % at 230° C. On the 
other hand, the methanol conversion rate during partial 
oxidation and steam reforming Was loW When compared to 
that during oxidative steam reforming and Was ?nally 100 
mol % at 290° C. (FIG. 2(A)). It Was judged that the amount 
of hydrogen produced Was higher With oxidative steam 
reforming of methanol than With partial oxidation or steam 
reforming, With approximately 1.7-times more hydrogen 
being produced at a reaction temperature of 230° C. (FIG. 
2(B)). Moreover, CO selectivity Was Zero and CO2 selec 
tivity Was 100 mol % With oxidative steam reforming at a 
reaction temperature of 200 to 230° C. (FIG. 2(C)). 

Example 4 

[0099] CuZnZrCe oxide catalysts Were prepared in the 
present example. 

[0100] 1) Method 

[0101] Diammonium Cerium (IV) nitrate (Ceric ammo 
nium nitrate) salt, Ce(IV)SO4 or Ce(III)NO3 Was used as 
precursor for the preparation of all catalysts. All the catalyst 
precursors Were prepared by coprecipitation method at a 
constant pH of around 10 at room temperature folloWed by 
aging at 65° C. for 30 min in the same Way as described in 
the Example 1. Catalysts Were obtained after calcination of 
precursors at 450° C. for 5 h in a muffle furnace. 

[0102] 2) Results 

[0103] Chemical composition and XRD phases of CuZn 
ZrCe oxide catalysts synthesiZed in this example and their 
precursors are shoWn in Table 3. 

TABLE 3 

Chemical composition and XRD phases of CuZnZrCe-oxide catalysts and 
their precursors 

XRD phase obtained 

Calcined 
Cu:Zn:Zr:Ce samples 

Catalyst (Wt %) Uncalcined samples (450° C./5 h) 

CuZnCe-1 35.5:39.5:15.0:10.0 Aurichalcite + CuO + ZnO 

Hydrozincite 
CuZnCe-2 35.5:49.5:0.0:15.0 Aurichalcite + CuO + ZnO + 

Hydrozincite CeO2 
CuZnCe-3 35.5:29.5:15.0:20.0 Aurichalcite + CuO + ZnO + 

Hydrozincite CeO2 
CuZnCe-4 35.5:9.5:15.0:40.0 Aurichalcite + CeO2 CuO + ZnO + 

CeO2 
CuZnCe-5 35.5:0.0:4.5:60.0 Aurichalcite + CeO2 CuO + CeO2 
CuZnCe-6a 35.5:29.5:15.0:20.0 Aurichalcite + CuO + ZnO + 

Hydrozincite CeO2 
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TABLE 3-continued 

Chemical composition and XRD phases of CuZnZrCe-oxide catalysts and 
their precursors 

XRD phase obtained 

Calcined 
Cu:Zn:Zr:Ce samples 

Catalyst (Wt %) Uncalcined samples (450° C./5 h) 

CuZnCe-7b 35.5:29.5:15.0:20.0 Aurichalcite + CuO + ZnO + 

Hydrozincite CeO2 

Aurichacite = (Zn, Cu)5(CO3)2(OH)6; (JCPDS ?le No. 7-743) 
Hydrozincite = Zn5(CO3)2(OH)6; (JCPDS ?le No. 19-1458) 
aCe(IV)SO4 Was used as precursor 
bCe(III)NO3 Was used as precursor 

Example 5 
[0104] (Production of Hydrogen Gas by Oxidative Steam 
Reforming of Methanol) 
[0105] 1) Device 
[0106] The device used in the Example 2 Was used in this 
example. 
[0107] 2) Conditions and Method for Experiments 
[0108] The experimental conditions are shoWn beloW: 

[0109] Reaction conditions: Catalyst Weight=100 mg; 
Reduced at 300° C. for 4 h in ?oWing H2; Reaction tem 
perature=230° C.; H2O/CH3OH=1.6; ?oW rate of feed=2.0 
cc/h; O2/CH3OH=0.25; ?oW rate of air=8.8 cc/min. No Ar 
carrier gas Was passed. Results collected after 12 h of 
on-stream operation. 
[0110] Outlet CO level Was determined using a metha 
niZer-FID GC assembly. 

[0111] 3) Catalyst 
[0112] The 7 types of CuZnZrCe oxide catalysts in Table 
3 Were subjected to reduction and then the catalytic perfor 
mance thereof Was determined. 

[0113] 4) Determination Results 
[0114] The determination results When the reaction tem 
perature Was 230° C. are shoWn in Table 4. 

TABLE 4 

Catalytic results of the oxidative steam reforming of methanol (OSRM) 
reaction over CuZnZrCe-oxide catalysts 

MeOH 
conver- Rate of product formation *Outlet 
sion mmol kg catalyst *1 s’1 CO level RH2/ 

Catalyst (mol %) H2 CO CO2 (mol %) RMeOH# 

CuZnCe-l 66.8 101.4 0.23 35.2 0.090 2.86 
CuZnCe-2 71.8 110.1 0.37 37.7 0.130 2.89 
CuZnCe-3 78.5 120.5 0.24 41.4 0.087 2.90 
CuZnCe-4 69.4 104.6 0.24 36.6 0.093 2.84 
CuZnCe-5 36.8 53.7 0.32 19.2 0.170 2.74 
CuZnCe-6 66.7 107.6 0.70 34.7 0.28 3.05 
CuZnCe-7 48.4 75.4 0.17 25.5 0.087 2.94 

Reaction conditions: Catalyst Weight = 100 mg; Redued at 300° C. for 4 h 
in flowing H2; Reaction temperature = 230° C.; H2O/CH3OH = 1.6; floW 
rate of feed = 2.0 cc/h; O2/CH3OH = 0.25; floW rate of air = 8.8 cc/min. 
No Ar carrier gas Was passed. Results collected after 12 h of on-stream 
operation 
*Outlet CO level determined using a methaniZer-FID GC assembly 
#Ratio of rate of H2 production to rate of methanol conversion 
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[0115] RHZ/RMeOH shows ratio of rate of H2 production 
to rate of methanol conversion. 

[0116] CuZnCe- or CuZnZrCe-oxide catalysts are neW for 
the oxidative steam reforming of methanol (OSRM) reac 
tion. These catalysts have not been reported so far even for 
the traditional steam reforming of methanol (SRM) or partial 
oxidation of methanol (POM) reactions for H2 production. 
OSRM reaction over these neW series of catalysts in the 
temperature range 200 to 250° C. produces H2 gas With very 
loW outlet CO concentration. 

Example 6 

[0117] CoCuZnAl oxide catalysts Were prepared in the 
present example. 

[0118] 1) Method 
[0119] All the LDH precursors Were prepared by copre 
cipitation method at a constant pH of around 10 at room 
temperature folloWed by aging at 65° C. for 30 min in the 
same Way as described in the Example 1. Catalysts Were 
obtained after calcination of precursors at 450° C. for 5 h in 
a muffle furnace. 

[0120] 2) Results 
[0121] Chemical composition and XRD phases of 
CoCuZnAl oxide catalysts synthesiZed in this example are 
shoWn in Table 5. 

TABLE 5 

Chemical compostion and XRD phases of CoCuZnAl-oxide catalysts 

XRD phase obtained 

Co :Cu:Zn:Al 
Atomic ratio 

Uncalcined 
samples 

Calcined samples 
Catalyst (450° C./5 h) 

Co3ZnAl-LDH 30:00 :1 .0:1 .0 LDH Non-stoichiometric 
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TABLE 5-continued 

Chemical compostion and XRD phases of CoCuZnAl-oxide catalysts 

XRD phase obtained 

Co :Cu:Zn:Al 
Atomic ratio 

Uncalcined 
samples 

Calcined samples 
Catalyst (450° C./5 h) 

Co0ZnAl-LDH 0.0:3.0:1.0:1.0 LDH + 

Malachite 
Non-stoichiometric 
Co-spinel + CuO + 
ZnO 

LDH = Layered double hydroxide With hydrotalcite structure (JCPDS file 
No: 22-700) 
Malachite = Cu2(CO3)(OH)2; JCPDS ?le No. 41-1390 

Example 7 

[0122] (Production of Hydrogen Gas by Oxidative Steam 
Reforming of Methanol) 
[0123] 1) Device 
[0124] The device used in the Example 2 Was used in this 
example. 
[0125] 2) Conditions and Method for Experiments 

[0126] The experimental conditions are shoWn beloW: 

[0127] Reaction conditions: Catalyst Weight=100 mg; 
Reduced at 700° C. for 4 h in ?oWing H2; H2O/CH3OH=1.6; 
?oW rate of feed=2.0 cc/h; O2/CH3OH=0.25; ?oW rate of 
air=8.8 cc/min. No Ar carrier gas Was passed. Results 
collected after 5 h of on-stream operation. 

[0128] Outlet CO level Was determined using a metha 
niZer-FID GC assembly. 

[0129] 3) Catalyst 
[0130] The 5 types of CoCuZnAl oxide catalysts in Table 

co-spinel 5 Were subjected to reduction and the catalytic performance 
Co2ZnAl-LDH 2.0:1.0:1.0:1.0 LDH Non-stoichiometric thereof Was deteI-Inined~ 

Co-spinel 
Co1.5ZnAl-LDH 1.5:1.5:1.0:1.0 LDH + Non-stoichiometric [0131] 4) Determination Results 

Malachite Co-spinel + CuO ' ~ ' 

Co1ZnAl-LDH 1.0:2.0:1.0:1.0 LDH + Non-stoichiometric [0132] Results of ex1dat1ve steam reforming of methanol 
Malachite co-spinel + C110 (OSRM) reaction over CoCuZnAl oxide catalysts are shoWn 

Table 6. 

TABLE 6 

Results of Oxidative steam reforming of methanol (OSRM) reaction over 
CoCuZnAl-oxide catalysts 

Reaction MeOH Rate of product formation 
Temp. conversion mmol kg catalyst *1 s’1 *Outlet CO #RHZ/ 

Catalyst (° C.) (mol %) H2 CO2 CO CH4 level (mol %) RCH3OH 

COOZnAl-LDH 200 56.8 63.8 22.6 0.2 0 0.11 2.8 

230 63.8 104.9 35.5 0.4 0 0.14 2.9 

260 77.4 152.1 50.5 0.9 0 0.27 3.0 

290 100 187.6 60.1 2.4 0 0.66 3.0 

CO1ZnAl-LDH 200 46.9 40.1 10.2 5.6 0 3.40 2,5 
230 48.1 54.6 13.2 7.0 0 3.68 2.7 

260 54.6 88.2 20.0 9.2 0 3.77 3.0 

290 72.1 122.2 27.2 11.9 0 4.04 3.1 

CO1.5ZnAl-LDH 200 41.7 34.4 9.0 4.9 0 3.32 2.5 

230 51.7 49.8 11.4 6.6 0 3.71 2.8 

260 61.4 80.1 17.3 9.5 0 3.90 3.0 

290 86.6 93.6 16.5 11.8 0 4.50 3.1 
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TABLE 6-continued 

Results of Oxidative steam reforming of methanol (OSRM) reaction over 
CoCuZnAl-oxide catalysts 

Reaction MeOH Rate of product formation 
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Temp. conversion mmol kg catalyst *1 s’1 *Outlet CO #RHZ/ 

(0 C.) (mol %) H2 CO2 CO CH4 level (mol %) RCH3OH 

Co2ZnAl-LDH 200 42.3 32.4 8.7 4.9 0 3.44 2.4 
230 46.0 46.5 10.4 6.5 0 3.78 2.8 
260 73.0 66.2 13.9 8.4 0 4.11 3.0 
290 72.3 79.7 16.9 10.5 0.1 4.58 3.0 

Co3ZnAl-LDH 200 27.5 8.0 3.6 2.3 0 2.58 1.4 
230 30.4 31.9 4.3 6.2 0.2 4.16 3.0 
260 63.6 42.5 4.0 7.4 0.5 4.52 3.6 
290 100 62.6 28.3 0.6 13.0 0.25 1.5 

Co2ZnAl-LDH 

Reduced 230 40.9 43.2 8.2 6.8 0 4.04 2.9 
at 3000 C. 290 96.3 143.5 27.5 14.7 0.6 4.45 3.3 
Reduced 230 48.8 47.4 12.8 6.2 0 3.56 2.5 
at 5000 C. 290 94.4 131.8 27.2 13.1 0.3 4.41 3.2 
Co1ZnAl-LDH 

Reduced 230 50.0 61.5 15.0 7.5 0 3.62 2.7 
at 3000 C. 290 97.3 142.5 36.3 12.4 0.6 3.68 2.9 
Reduced 230 65.4 71.4 18.1 7.0 0 3.53 2.8 
at 5000 C. 290 97.6 122.6 25.7 12.2 0.1 4.16 3.2 

[0133] RH2/RCH3OH shows ratio of rate of H2 production 
to rate of methanol conversion. 

[0134] CoCuZnAl-oxide catalysts are new for the oxida 
tive steam reforming of methanol (OSRM) reaction. These 
catalysts have not been reported so far even for the tradi 
tional steam reforming of methanol (SRM) or partial oxi 
dation of methanol (POM) reactions for H2 production. 

[0135] As previously explained in detail, the present 
invention relates to catalysts for producing hydrogen by 
oxidative steam reforming of methanol, methods of produc 
ing the same, and methods of producing hydrogen gas by 
oxidative steam reforming of methanol using these catalysts. 
By means of the present invention, results are realized in that 
1) it is possible to provide novel oxide catalysts for hydrogen 
gas production by oxidative steam reforming of methanol, 2) 
it is possible to produce hydrogen gas With no CO by 
product by oxidative steam reforming of methanol using 
these catalysts, 3) it is possible to provide neW methods of 
producing hydrogen gas as a neW energy source, etc. 

What is claimed is: 
1. A method of producing a CuZnAlZr oxide catalyst, 

comprising the steps of: 

reacting a mixture of aqueous solutions of each nitrate of 
Cu, Zn, Al, and Zr With an aqueous NaOH solution and 
aqueous NaCO3 solution; 

producing a precipitate by coprecipitation; 

aging, ?ltering, Washing, and drying this precipitate to 
prepare a catalyst precursor consisting of a CuZnAlZr 
layered double hydroxide; and 

then calcining this catalyst precursor in an air ambient 
atmosphere to obtain a CuZnAlZr oxide. 

2. The method of producing a CuZnAlZr oxide catalyst 
according to claim 1, Wherein the molecular ratio of Cu, Zn, 
Al, and Zr in the starting solution is (Cu+Zn)/(Al+Zr)=2 to 
4. 

3. A CuZnAlZr oxide catalyst for hydrogen production by 
oxidative steam reforming of methanol, Which is produced 
by the method according to claim 1 or claim 2. 

4. A CuZnZrCe oxide catalyst for hydrogen production by 
oxidative steam reforming of methanol, Which is produced 
by the steps of: 

preparing a catalyst precursor consisting of aurichalcite; 
and 

then calcining this catalyst precursor in an air ambient 
atmosphere to obtain the CuZnZrCe oxide. 

5. A CoCuZnAl oxide catalyst for hydrogen production by 
oxidative steam reforming of methanol, Which is produced 
by the steps of: 

preparing a catalyst precursor consisting of aurichalcite; 
and 

then calcining this catalyst precursor in an air ambient 
atmosphere to obtain the CoCuZnAl oxide. 

6. A method of producing hydrogen gas, comprising the 
step of: 

converting methanol to hydrogen gas by oxidative steam 
reforming of methanol in the presence of both air and 
steam using the oxide catalyst described in any of claim 
3 to claim 5. 

7. The method of producing hydrogen gas according to 
claim 6, Wherein 

oxygen/methanol (molar ratio)=0.1 to 0.5 and 

steam/methanol (molar ratio)=0.8 to 2.0. 
8. The method of producing hydrogen gas according to 

claim 6, Wherein the reaction temperature is 200 to 250° C. 


