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Abstract—The Cu,g sCe, Alg; 5, (Where x = 2, 7.4, and 14) oxide catalysts were synthesized by coprecipita-
tion and tested in the methanol steam reforming reaction in an integral flow reactor at 270°C. It was found that
the activity of the catalysts increased with the calcination temperature and catalysts with intermediate cerium
contents exhibited the highest activity; these catalysts exhibited the greatest values of Sggr and S¢,. The phase
analysis demonstrated that copper in these samples occurred almost entirely as a CuO—CeO, solid solution. The
concentration of carbon monoxide at the reactor outlet decreased with the calcination temperature. For the most
active sample with a cerium content of 7.4% calcinated at 700°C, the concentration of CO reached a minimum

of no higher than 0.3%.
DOI: 10.1134/S0023158409020141

INTRODUCTION

Catalytic processes are most promising for the man-
ufacture of hydrogen-containing fuels in compact
devices like fuel processors. In this context, the devel-
opment of highly efficient specialized catalysts for cor-
responding devices is a problem of paramount impor-
tance.

The production of hydrogen in fuel processors with
the use of the endothermic reaction of methanol steam
reforming is of intense interest:

CH,OH + H,0 —~ CO, + 3H,
(A,H3os = 49 kJ/mol),
CO,+H,— CO+H,0
(A.H5 = 41 kJ/mol).

Reaction (II)—the reversed water gas shift reaction—
leads to the formation of CO, which is an extremely
undesirable product for low-temperature fuel cells [1].
The reaction of methanol steam reforming is usually
performed on various copper-containing catalysts, such
as Cu/ZnO [2], Cu/ZnO/Al, 05 [3], and Cu/Al,O5 [4], as
well as on palladium-containing catalysts like Pd/ZnO
(5, 6].

It is well known that the activity and stability of cop-
per-containing catalysts considerably increases after
the introduction of promoting additives. Thus, accord-
ing to published data [4, 7], after the addition of man-
ganese to the Cu/Al,O; catalyst, its activity increased
because of the formation of active centers like Cu’-
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Mn, 05, at which the dissociation of methanol and water
occurred. The partial or full replacement of Al by Zr in
the Cu/ALO; catalysts resulted in the formation of
Cu,O crystallites in the course of the reaction. These
crystallites prevented catalyst deactivation and, unlike
Cu®, active component agglomeration [8].

Recently, attention has been focused on the modifi-
cation of copper—alumina catalysts with cerium. This is
due to the high mobility of oxygen in the lattice of
cerium dioxide and the capacity of this oxide used as a
support for strong interaction with active component
cations. Cerium(IV) oxide has a fluorite-type cubic lat-
tice and forms substitutional solid solutions with vari-
ous cations, in particular, Cu*. This results in the mod-
ification of the structural properties of the active com-
ponent—copper. There is evidence that cerium dioxide
is not only a structural promoter but also it plays a key
role in the water gas shift reaction [9] to decrease the
concentration of CO at the reactor outlet and thus to
facilitate the subsequent removal of CO by selective
oxidation [10]. The promotion of Cu/Al,O; with the use
of Zr and Ce increased the activity of the catalysts in
methanol steam reforming in the order Cu—Al < Cu-
Zn—Al < Cu—Zn—Ce-Al [11]. According to Patel and
Pant [11], the degree of dispersion of copper metal in
the catalyst decreased after the addition of Ce; thereby,
the catalyst activity was increased. The occurrence of
mobile oxygen in cerium dioxide also inhibited the
deactivation of cerium-modified catalysts to facilitate
the conversion of coke into carbon oxides. According to
Mastalir et al. [12], the presence of ZrO, and CeO,
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Table 1. Compositions and calcination temperatures of the
synthesized catalysts

Symbol Catalyst CalcinationO
composition, at % temperature, °C

C2-100 Cul8.5-Ce2-Al79.5 100 (drying)
C7.4-100 | Cul8.5-Ce7.4-Al74.1 100 (drying)
C14-100 | Cul8.5-Cel4-Al67.5 100 (drying)
C2-400 Cul8.5-Ce2-Al79.5 400
C2-550 Cul8.5-Ce2-Al79.5 550
C2-700 Cul8.5-Ce2-Al79.5 700
C7.4-400 | Cul8.5-Ce7.4-Al74.1 400
C7.4-550 | Cul8.5-Ce7.4-Al74.1 550
C7.4-700 | Cul8.5-Ce7.4-Al74.1 700
C14-400 | Cul8.5-Cel4-Al67.5 400
C14-550 | Cul8.5-Cel4-Al67.5 550
C14-700 | Cul8.5-Cel4-Al67.5 700

among the constituents of copper catalysts facilitated
the reduction of copper in the course of the reaction.

In this work, we studied the effect of the cerium con-
tent and synthesis temperature of Cu—Ce—Al-O cata-
lysts at a constant copper content on the activity of the
catalysts in methanol steam reforming in a plug-flow
reactor, which simulated the operation of a microreac-
tor for hydrogen generation.

EXPERIMENTAL
Catalyst Synthesis

The Cu,gsCe Alg, 5_, catalysts with x =2, 7.4, and
14 were prepared by coprecipitation with the use of
sodium carbonate. For this purpose, 1 M solutions of
cerium nitrate (Ce(NO;), - 6H,0, chemically pure),
copper nitrate (Cu(NOs), - 3H,0, chemically pure), and
aluminum nitrate (AI(NO;), - 9H,0, chemically pure)
were mixed in the required ratios and heated to 60°C. A
solution of sodium carbonate (1 M) was slowly added
to the solution of metal nitrates with intense stirring to
obtain pH 8-9. Then, the resulting precipitate was aged
(1 h), filtered off, washed several times with warm dis-
tilled water to remove Na* cations, and dried at 100°C
for 12 h. To obtain the final product, i.e., the catalyst,
the dry mixture was calcinated at various temperatures
(from 400 to 700°C) for 4 h. Table 1 summarizes data
on the compositions of the synthesized catalysts and
final calcination temperatures.

Catalyst Characterization

X-ray diffraction (XRD). The samples of Cu—Ce-
Al-O catalysts before and after calcination were stud-
ied on a Siemens X-ray diffractometer (Germany)
(CukK,, radiation with a graphite monochromator on a
reflected beam) over the angle range 20 = 20°-70°. The
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phase composition was identified using the JCPDS files
(PC PDF Win 2000). The following structures were
taken as the theoretical basis for the samples: the cubic
structure of CeO, [JCPDS, 43-1002; a = 5.411 A], the
cubic structure of CuAl,O, [JCPDS, 33-0448; a =
8.075 A], and the monoclinic structure of CuO
[JCPDS, 05-0661; a = 4.684 A, b = 3.425 A, ¢ =
5.129 A, and § = 99.47°].

Specific surface area measurements. The specific
surface areas (Sgpr) of the samples were measured by
the BET method on an ASAP-2400 automated instru-
ment using nitrogen adsorption isotherms at 77 K (the
cross section of the nitrogen molecule was taken to be
16.2 A?).

To determine the specific surface area of copper
metal in the catalysts, titration based on the oxidation
reaction of surface copper atoms with nitrous oxide,
2Cu4 + NyOyyg —> Cu, 05+ N, o,» Was used. The initial
catalyst (0.5-1 g) with a particle size of 0.25-0.5 mm
was loaded in a 3-cm? reactor, which was placed in a
fast-response furnace. Then, the sample was activated
in a flow of hydrogen with increasing temperature from
150 to 270°C at a rate of 60 K/h. Thereafter, the reduced
catalyst was cooled to room temperature. The specific
surface areas of copper were determined by chromato-
graphic analysis from the concentrations of nitrogen
after the pulse supply of N,O into the reactor.

Determination of the Activity of Catalysts
in Methanol Steam Reforming

The schematic diagram of the setup and the proce-
dure used for the measurement of catalyst activity in
methanol steam reforming were described elsewhere
[13]. The fixed-bed reactor was a stainless steel tube
with an inner diameter of 3 mm and 40 cm in length
equipped with an evaporator for the water—methanol
mixture. The reactor was placed in a tube furnace,
whose temperature was regulated and maintained to
within 1 K with the use of an RIF-101 automatic tem-
perature regulator. The catalyst particle size was 0.25—
0.5 mm, and the catalyst weight was 0.25 g. A mixture
of methanol and water (1 : 1, mol/mol) was dispensed
and supplied to the reactor with the use of a Bi-flow
system (Boreskov Institute of Catalysis, Siberian
Branch, Russian Academy of Sciences). The gas flow
from the reactor passed through a condensate collector
and arrived at the LKhM-8 chromatograph (column,
3 m; solid support, Sibunit; column temperature, room
temperature). The outlet flow rate was measured with a
foam flow meter. Before the beginning of the experi-
ment, the catalyst was activated in a flow of the starting
water—methanol mixture at 270°C for 2 h. The reaction
of methanol steam reforming was performed at 270°C.
This temperature was chosen based on the data of pre-
liminary experiments, which demonstrated that the
concentration of CO (which is a catalytic poison for
low-temperature fuel cells) at the reactor outlet dramat-
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ically increased at higher temperatures, whereas the
activity of the catalysts decreased at 7' < 270°C.

The initial experimental data were the dependences
of methanol conversion on the reduced contact time
W/F, where W is the catalyst weight (g) and F is the
flow of methanol at the reactor inlet (mmol/min). The
main reaction products are H,, CO,, and CO
(<1 mol %). According to mass-spectrometric data,
other possible by-products of the methanol steam
reforming process (formaldehyde, formic acid, dime-
thyl ether, and methyl formate) were not detected.

RESULTS
Phase Composition of the Catalysts

Figure 1 shows the X-ray diffraction patterns of cat-
alyst samples with various cerium contents. It can be
seen that uncalcinated samples were X-ray amorphous:
reflections from copper-containing phases were absent;
however, peaks due to the CeO, phase appeared as the
cerium content was increased. The calcination of the
samples did not result in the appearance of peaks due to
AlL,Os; this is indicative of the absence of individual
crystalline alumina phases. As the calcination tempera-
ture was increased, more pronounced reflections from
the CeO, phase and reflections from new crystalline
phases (CuO and the copper—aluminum spinel
CuAl,O,) appeared. In this case, the fraction of the
CuO phase decreased with cerium concentration.
Moreover, the peak of the spinel phase reached a mini-
mum in the sample containing 7.4 at % cerium. The low
intensity of copper oxide peaks is explained by the fact
that CuO can form several species: (a) a solid solution
with cerium dioxide (CuO—CeO,) and (b) the copper—
aluminum spinel CuAl,O,. In addition, small copper
oxide crystallites can be dispersed on the surface of alu-
minum oxide, and they cannot be identified using XRD
analysis because of their small size. It is likely that all
of the above situations occurred in the case under con-
sideration, and the change in the phase composition
was nonmonotonic.

Specific Surface Areas of the Catalysts

As expected, an increase in the calcination tempera-
ture (7,.) from 400 to 700°C resulted in a decrease in
Sger by a factor of 1.4-1.6; this was due to an increase
in the crystallite sizes of the cerium dioxide and cop-
per—aluminum spinel phases (Table 2). In this case, the
total pore volume decreased and the average pore diam-
eter increased. The highest degree of dispersion was
observed in the samples containing an intermediate
cerium concentration of 7.4 at %. However, these sam-
ples exhibited the greatest average pore size. It is
believed that C7.4 catalysts had a more extended and
branched pore structure than that of other samples.

The results of the measurements of the specific sur-
face area of copper metal demonstrated that the specific
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Fig. 1. XRD patterns from the catalysts. See Table 1 for
notation.

surface area of copper metal (S¢,) increased with the
T, of catalysts, and the C7.4-700 sample exhibited a
maximum degree of dispersion of copper among the
samples with various cerium contents.

Activity of the Catalysts

Figure 2 shows the dependence of methanol conver-
sion on the value of W/F for catalysts with various

Table 2. Texture characteristics of the catalysts

Sample | P || oo | S | i
C2-400 175 0.348 7.93 -
C7.4-400 | 207 0.470 9.08 2.7
C14-400 159 0.296 7.45 -
C2-550 175 0.360 8.22 -
C7.4-550 | 181 0.439 9.69 7.0
C14-550 172 0.368 8.55 -
C2-700 113 0.326 11.5 3.9
C7.4-700 | 128 0.310 10.2 10.5
C14-700 113 0.235 8.33 1.9
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Fig. 2. Dependence of methanol conversion on W/F for
samples containing (a) 2, (b) 7.4, and (c) 14 at % Ce.

cerium contents calcinated at various temperatures.
Because it is impossible to measure the true activity of
a catalyst in a plug-flow reactor, the capacity of a cata-
lyst for hydrogen at 80% methanol conversion was
taken as a criterion for catalyst activity. Table 3 summa-
rizes the results of the measurements of the capacity for
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hydrogen and the level of CO at the reactor outlet for
the catalysts at 270°C.

Control experiments on the activation of catalysts in
a flow of hydrogen (10 vol % H, in Ar) at 220°C for 1 h
before the onset of the methanol steam reforming reac-
tion demonstrated an increase in the activity of samples
calcinated at 700°C. Regardless of the Ce content of the

catalysts, the capacity for hydrogen was 18.4 1 gat h,

which is comparable with the best C7.4-700 sample,
which was preactivated with the initial water—methanol
mixture.

From data in Table 3, it follows that the yield of
hydrogen increased with T,,.. The samples containing
7.4% Ce exhibited a higher activity. Note that, in addi-
tion, an increase in T, resulted in a decrease in the
concentration of CO at the reactor outlet. An increase in
the cerium content from 2 to 7.4 at % for each series of
catalysts calcinated at various temperatures also
resulted in a decrease in the concentration of CO. The
lowest yield of carbon monoxide was observed on the
C7.4-700 catalyst calcinated at 700°C. Note that, for all
of the catalyst compositions, the level of CO at the reac-
tor outlet at 270°C was much lower than the equilib-
rium thermodynamic value calculated for methanol
steam reforming reaction conditions. It is believed that
this is due to a decrease in the rate of reaction (II). At
the same time, the activity of the catalysts correlated
with the value of S,. Thus, catalyst calcination at
700°C caused an increase in S, and, as a result, an
increase in the catalyst activity. The best results were
obtained in the C7.4-700 sample with S¢, of 10.5 m?/g,
which is greater than that of the other samples by a fac-
tor of 2-3.

DISCUSSION

The following conclusions can be made based on a
comparison between the experimental data on the activ-
ity of the synthesized catalysts in the methanol steam
reforming reaction and the structure characteristics of
these catalysts.

The samples with a cerium concentration of 7.4 at %
exhibited maximum activity. The results of the BET
measurements of specific surface areas (Table 2) dem-
onstrate that Sgpr for catalysts from each particular
series calcinated at 400, 550, and 700°C reached a max-
imum in samples with an intermediate concentration of
cerium. The measurement of S, also demonstrated that
the surface area of copper particles reached a maximum
in the sample containing 7.4 at % Ce. This fact suggests
a correlation between the accessible surface area of the
active component and the efficiency of catalyst opera-
tion.

It was found that the addition of CeO, to the copper—
alumina system affected the degree of dispersion of the
active component. According to XRD data, in the cata-
lysts with a maximum cerium content calcinated at
700°C, copper occurred in the following three phases:
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copper—aluminum spinel (CuAl,O,), solid solution
with cerium dioxide (CuO-CeQ,), and copper oxide
(CuO).

It is believed that the main portion of copper
occurred as CuO and CuAl,O, at a minimum cerium
content. At the same time, copper almost entirely
occurred in the CuO-CeQO, solid solution in the sam-
ples with an intermediate composition in terms of
cerium. It is likely that, in addition to data published by
Liu et al. [14], who demonstrated a limited solubility of
CuO in CeO,, we observed another situation—a limited
solubility of CeQ, in CuO at a high cerium content of
the catalyst. The formation of a CeO,—CuO solid solu-
tion was supported by the change in the lattice parame-
ter of cerium dioxide: the tabulated value of parameter
a for the cubic structure of CeO, (5.411 A) decreased to
5.405-5.408 A. This was_due to the much smaller size
of the Cu?* cation, 0.79 A against 0.92 A for the Ce*
cation [15]. The pattern of the insertion of copper into
the lattice of cerium dioxide can be more complicated:
according to Fernandes-Garcia et al. [16], only a part of
CuO can form a solid solution with CeO, to afford
Ce,3Ce,0,; the other copper oxide occurs as small
crystallites on the surface of the resulting solid solution.

According to published data [17, 18], the nature of
the copper-containing phase strongly affects its capac-
ity to reduction and, consequently, its activity in meth-
anol steam reforming. Copper is most active as a con-
stituent of a solid solution of CuO in CeO,, which sta-
bilizes the small crystallites of copper metal in the
course of reaction to prevent them from agglomeration.
We observed this behavior in the most active C7.4-700
sample, where copper almost entirely occurs as a solid
solution. As for the samples calcinated at lower temper-
atures (400 and 550°C), the XRD spectra suggest that
these catalysts are X-ray amorphous; this is likely due
to an insufficient regularity of the solid solution of CuO
in CeO,.

Based on the reaction mechanism of methanol
steam reforming proposed by Men et al. [18], we
assume that the following two conditions should be
simultaneously satisfied for the high activity of copper—
cerium catalysts: (a) the solid solution of copper and
cerium oxides should be crystalline rather than amor-
phous and (b) a certain ratio between the concentrations
of copper and cerium cations should take place in this
solid solution. It is believed that the active centers of the
catalyst are arranged at the interface between copper
metal reduced in the course of methanol steam reform-
ing and CeO,, which is a source of mobile oxygen,
which migrates to Cu®. Therefore, the regular crystal
structure of a solid solution makes it possible to form a
sufficient amount of interfaces in the course of the reac-
tion. At a high Ce/Cu ratio, coarse CeO, crystallites are
formed, and these crystallites can block a part of the
surface of active copper, whereas large Cu® crystallites
with a smaller specific surface area are formed at a low
Ce/Cu ratio. It is likely that, at an optimum ratio
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Table 3. Results of the measurements of the activity
of Cu;g5Ce,Alg; 5 _ O catalysts in the methanol steam re-
forming reaction at 270°C

Catalyst | H, capacity*, | g(;ln h! Outle;tfcggc;n% ation
C2-400 10.5 0.60
C2-550 12.9 0.51
C2-700 16.3 0.45
C7.4-400 11.7 0.59
C7.4-550 15.0 0.44
C7.4-700 20.2 0.32
C14-400 9.7 0.46
C14-550 11.6 0.45
C14-700 12.5 0.36

* At 80% methanol conversion.

between the crystallite sizes of cerium dioxide and cop-
per metal, which corresponds to an intermediate con-
centration of cerium, the accessibility of the active cop-
per component in the course of methanol steam reform-
ing reached a maximum.

The experimental results showed that copper as the
constituent of a solid solution was most active in the
methanol steam reforming reaction. Indeed, if copper is
the active component and the copper contents of all of
the samples are the same, the activity of these samples
will be the same. However, catalysts with minimum and
maximum cerium concentrations exhibited a reduced
activity. Consequently, taking into account the results
of structural measurements in the catalysts, we can con-
clude that, at a certain concentration of Ce, copper can
occur as a constituent of spinel or CuO, which are less
active than the solid solution containing a maximum
amount of copper at a cerium concentration of 7.4 at %.
However, the use of a stronger reducing agent—a mix-
ture of 10% hydrogen in argon—makes it possible to
activate all the copper. In this case, the activity of the
C2-700 and C14-700 samples increases to reach the
activity of the C7.4-700 sample (Table 3).

Copper-containing catalysts are also highly active in
the water gas shift reaction [19-22]. From the experi-
mental results, it follows that the active sites of copper
as a constituent of a CuO-CeO, solid solution are
active toward both of the reactions. According to pub-
lished data [23, 24], the decreased experimental values
of CO concentrations in a mixture at the reactor outlet
suggest that CO is a secondary product, which is not
formed by the decomposition of methanol into hydro-
gen and CO. The behavior observed can be explained if
reaction (II) is kinetically suppressed, and it does not
reach equilibrium [25].
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