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We report here preparation of multi-composition Cu/ZnO/Al,0; (CZA) catalyst by homogeneous
precipitation (HP) method using urea treatment. Compared to the conventional co-precipitation (CP)
method, the HP method used here improves the uniformity of metal mixing through homogeneous
generation of hydroxide ions as a result of hydrolysis of urea in the solution. In this study, optimization
of the conditions to prepare CZA catalyst was achieved by adjusting the urea concentration, amount of
water, reaction temperature and reaction time; to control the pH value. The HP-derived CZA particles
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exhibited a characteristic flower-like morphology with a higher surface area, typically 78.5 m*/g as
measured by the BET analysis, as compared to the CP-derived CZA catalysts. Induction coupled
plasma and energy dispersive spectroscopy mapping results further confirmed the homogeneity of
HP-CZA components and highly uniform dispersion of the active metal. Significantly lowering and
a narrower range of the reduction temperature for HP-CZA is observed. An improved performance in
methanol reforming reaction, in terms of methanol conversion, yield of hydrogen production, and
higher carbon dioxide selectivity, has been achieved. Furthermore, the concentration of carbon
monoxide can be further reduced by employing CeO, and ZrO, to modify the support, which also
results in reduced reduction temperature and improved performance. Among the modified catalysts,
HP-CZCZ catalyst showed the highest methanol conversion and rate of hydrogen production,
simultaneously with reduced concentration of CO. Moreover, only 20 mg of catalyst loading yielded
98% methanol conversion rate under more than 8500 h~' GHSV. In future, not only can this
method be used to synthesize other multi-composition materials with high homogeneity, but also our
approach presents opportunity for production of a highly active catalyst for efficient generation of

hydrogen for fuel cell applications.

Introduction

Due to the ever increasing demand for energy, an effective
alternative energy generation capability is essential to replace the
dwindling supply of petroleum. In comparison to the several
novel energy generation techniques, hydrogen is one of the most
environmentally friendly sources. However, the challenges
associated with supply and storage of hydrogen are enormous
obstacles for its industrial scale application. In this regard, the
reforming reaction of methanol is considered to be an attractive
option for hydrogen generation, because of the ease of handling
and possibility of hydrogen synthesis from various feedstocks' by
this method. Moreover, methanol also happens to be the best
source for hydrogen generation among the high energy density
liquid fuels, due to its high H/C ratio, and consequently a lower
propensity for soot formation than other hydrocarbons;
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relatively low boiling point and easy storage and handling
requirements.>

Extraction of hydrogen from methanol can be performed by
three different catalytic processes: viz. decomposition (MD: Eq.
(1)), steam reforming (SRM: Eq. (2)), and partial oxidation
(POM: Eq. (3)).3"

CH;0H — CO + 2H, AH® = +90.5 kJ/mol (1)
CH;0H + H,0 — CO, + 3H, AH® = +49.4 kJ/mol  (2)
CH;0H + 120, — CO, + 2H, AH® = —192.2 kJ/mol  (3)

Besides these three reactions, oxidative steam reforming of
methanol (OSRM), which combines the endothermic steam
reforming reaction with the exothermic partial oxidation
reactions (Eq. (4))'"" can also be used. By proper optimiza-
tion of reaction parameters and system design, favorable
hydrogen production rate can be achieved while eliminating
the requirement of any external heat for the reaction. There-
fore, OSRM is also called the autothermal reaction. In addi-
tion, SRM can be regarded as MD plus a water gas shift
(WGS: Eq. (5)) pathway, which is an important reaction for
CO reduction.
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CH;0H +2a0,+bH,0 — CO, +(4a+3b)H,(a,b are varied)

4
AHC = (—96.1a + 49.4b)kJ /mol @

CO + H,0 — CO, + H, AH® = —41.1 kJ/mol (5)

For methanol reforming reaction, Cu-based catalysts such as
Cu/ZnO/A1,0; (CZA) system are used most extensively, due to
their low cost, high selectivity and high catalytic activity.'*'¢ The
dispersion of active Cu metal and its surface area play a crucial
role in determining the catalytic activity and stability of these
catalysts. A large number of researchers have employed a co-
precipitation (CP) method to prepare Cu-based catalysts.®'»16-20
However, this method suffers from a gradient in concentration of
hydroxide ions during the precipitation process, which results in
the poor mixing and growth of precipitates.®'*?! In order to
improve the uniformity of precipitates, a homogeneous precipi-
tation (HP) method was employed in this research.®!32122
Hydrolysis of urea was used to generate hydroxide ions homo-
geneously in the solution without a gradient in concentration. In
order to obtain the optimum precipitation conditions, the effects
of four major parameters—viz. urea concentration, amount of
water, reaction temperature and reaction time—were studied.
For the CZA catalyst system, the correlation between the
morphology and crystal structures of the precipitate precursors
and its catalytic performance are known to be different for
different methods of synthesis. A CP-derived CZA catalyst was,
hence, prepared for comparison. In addition, the possibilities of
applying HP method towards synthesis of other multi-compo-
sitional compounds, as well as towards improvement in the
catalytic performance of CZA catalyst are also discussed.

Experimental
Preparation of the catalysts

The Cu/ZnO/Al,O; (CZA) catalysts as well as the modified
catalysts with various compositions were prepared via homoge-
neous precipitation (HP) method. Aqueous solutions of metal
nitrates and urea were mixed at a given concentration at room
temperature, followed by heating at appropriate temperature for
several hours. The pH value of the reacted solution was
controlled between 7 and 8, in order to ascertain that all metal
ions were precipitated. During the heating progress, urea was
hydrolyzed, generating hydroxide ions homogeneously in the
solution (Eq. (6)).

CO(NH2)2 + Hzo i 21\“‘144r + HCO37 + OH~ (6)

The hydroxide ions act as precipitants for the metal species. It
is, hence, anticipated that homogeneous precipitation method
would afford catalysts with high homogeneity as compared to
the conventional co-precipitation (CP) method. Thus, the
concentration gradient of hydroxide ions may be reduced. The
precipitates were then filtered, washed with de-ionized water and
dried at 90 °C overnight. The CZA precursors were calcined at
300 °C for 3h in air. The obtained powders were then pressed,
crushed and sieved using a 30 to 40 mesh. In addition, the
co-precipitation method derived CZA catalyst was also prepared

as a comparison. In this method, the starting materials, metal
nitrates, were dissolved in the water to form aqueous solution
with the same metal ion ratio and solution concentration as those
in HP method. Na,CO; solution (1M) was prepared as base
source and added drop-wisely to the previous solution with
vigorous stirring at 60 °C while the pH value was controlled to 8,
and then aged for 2 hours. The catalyst was thus obtained by the
same following filtration, drying, and calcination steps as those
in HP method.

Characteristics measurement and activity test

The catalysts, prepared as described above, were characterized
by X-ray powder diffraction (Bruker D8 Advance). The
diffraction patterns were identified by comparing with those in
the JCPDS (Joint Committee of Powder Diffraction Standards)
database. The microstructures of catalysts were determined by
using JEOL 6700 field-emission scanning electron microscope
(SEM).

Chemical compositions of the catalysts were determined by
inductively coupled plasma optical emission spectrometry
(ICP-OES). The samples were dissolved in HNO; acid for the
ICP-OES measurements. The metal compositions, as obtained
by the ICP-OES measurements, closely matched with the stoi-
chiometric values used for catalyst preparation.

The specific surface areas of the catalysts were calculated from
the N, adsorption isotherms by using the BET method. These
measurements were carried out on a Micrometry Tristar equip-
ment. The samples were pretreated under vacuum at 200 °C for
1h before the measurements.

The specific surface area of copper and copper dispersion of
catalysts were determined by the method of reaction with N,O
(2Cug) + NyO(y — CuyOgs) + Nyp))* followed by temperature
programmed reduction (TPR) in a semiautomatic Micromeritics
TPD/TPR 2920 apparatus fitted with a thermal conductivity
detector (TCD) and interfaced to a microcomputer. The sample
of 20 mg was pre-reduced in a stream of 10% H,/Ar flow
(50 ml/min) by raising the temperature to 350 °C at a rate of
10 °C/min before chemisorption. Then, N,O oxidation was
carried out by feeding 10% N,O/He at 60 °C for 1 hour. Finally,
H,-TPR was treated again in a 10% Hy/Ar mixture to 350 °C.
The nitrous oxide was assumed to react selectively with the
reduced surface copper atom, without oxidation of bulk copper.
Cu surface area and Cu dispersion were calculated assuming the
stoichiometry O/Cu = 0.5 and the surface density of 1.46 x 10"

Cu-atoms/m?2.2

Catalytic reactions and analyses of the products

Measurements of the catalytic activity were performed by
carrying out oxidative steam reforming of methanol (OSRM)
reaction using a fixed-bed system at atmospheric pressure. A
glass tube with an inner diameter of 1/4 inches was used as
a reactor. Typically, 20 mg sieved catalysts were packed in the
middle of the glass tube by two pieces of quartz wool on both
sides. A thermal couple was placed at the center of the catalyst
bed. Prior to the methanol reforming reaction and also between
different runs, the catalysts were flushed with N, followed by
reduction at 350 °C with 10% H,/N, mixture (50 ml/min) for 1h.
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After purging with N, to remove any remaining Hj, the reactants
were introduced into the reactor with the molar ratio O,/CH;OH
=0.3 and H,O/CH;0OH = 1.25, respectively. N, was used both as
the carrier gas as well as internal standard to calculate the
conversion of methanol, selectivity of CO,/CO, and the H,
production rate. GHSV was kept constant at around 8900 h~',
and the reaction temperature was also kept constant at 250 °C.

The products were analyzed by three on-line gas chromato-
graphs (GC) in series. The first GC consisted of packed porapak
Q column, He carrier gas, and TCD, was used to analyze N,
CH;0H, CO,, and H>0. The second GC consisted of a packed
molecular sieve 13X column, He carrier gas, and TCD, was used
to analyze CO, CH4 and other hydrocarbons. Between these two
GCs, a cooling system was equipped to condense CH3;0H and
H,O from the gas mixture. H, and N, were also quantified by the
third GC consisting of a packed molecular sieve 13X column
with Ar carrier gas and TCD. Each injection through the GCs
was 1 c.c., controlled by three automatic valves at a given time
interval. The temperatures of pipe lines before the cooling system
and the three valves were maintained between 110 °C and 130 °C
in order to prevent any condensation of water.

Results and discussion
pH value measurement and precipitation observation

Since urea and water are reactants for the urea hydrolysis reac-
tion, the concentration ratio of urea to metal ions as well as to
total solution are important parameters that have significant
effect on the precipitation process. In this study, the influence of
the urea concentrations was studied while the concentration of
metal ions was kept constant. In addition, since water has a pH
value of 7, higher than that of the initial solutions (3.4-3.9), and
also acts as reactant in the urea hydrolysis reaction, it is expected
that the pH values can be adjusted by addition of water in
varying quantities. Water is also a desirable material to adjust the
pH values of the solution due to its ease of handling.

Fig. 1 shows the photographs of the products after the urea
hydrolysis reaction. As can be seen in Fig. 1 (a), significant

(@) ®)
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Time
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Fig. 1 Observation of precipitation results controlled by (a) urea
concentration and water amount, and (b) reaction temperature and
duration time.

increase in the pH value was observed for both, increase in urea
concentration as well as amount of water. However, the target
pH value of 7 to 8 was obtained only for 4M urea solution or
when 3 times water was added to the 3M urea solution. Among
these four conditions, the 4M urea solutions with 1/2 dilution
ratio and without dilution are light blue, while the other solutions
appear colorless. The precursors prepared with 3M urea and 1/4
dilution ratio was considered to be the better condition. First,
among the 3M and 4M solutions with favorable pH values, blue
colors were observed only for the 4M solutions. This indicates
a decrease in the amount of copper in the precipitates, owing to
the formation of copper complexes in the solution. Second, the
ICP results further prove that the fraction of metal in the
precipitates obtained under 3M urea condition is close to the
initial value. Third, from the economic point of view, 3M
condition consumes less urea than 4M. Thus, the precipitation
condition of 3M urea was used in the subsequent experiments.

Fig. 1 (b) shows the photographs of the products after the
reaction at various temperatures and for various times. These
experiments to obtain the kinetic parameters were performed by
keeping the amount of water and urea concentration constant.
The pH values of solutions obviously increase with both longer
reaction time as well as higher reaction temperature. In addition,
it can also be observed that the pH value is more sensitive to the
reaction temperature as compared to the reaction time. When the
pH values were higher than 8§, formation of deep blue solutions
were observed and the color of precipitates was darker as well,
both of which are undesirable for the precipitation. The blue
color results from the formation of Cu complexes in the solution,
while the dark particles derive from the formation of CuO. Once
CuO is formed during the precipitation process, it deteriorates
the hydrotalcite-like structure of the precipitates and influences
the morphology of the products.?** It has also been suggested
that reactions performed at 100 °C are inappropriate for
hydrolysis process due to the violent boiling phenomena within
the solutions, and different equilibrium ratio between liquid
phase water and steam compared with low temperature reaction.
Thus, heating at 95 °C for two hours was selected to be a better
synthesis condition.

Structure and morphology analysis of the CZA catalysts

X-ray diffraction (XRD) patterns of the precursors synthesized
at different temperatures and reaction times are shown in Fig. 2.
Strong diffraction peaks related to azurite structure
(Cu3(CO;)2(OH),; JCPDS file 11-0682) are apparent in the 1M
urea sample, Fig. 2 (a), indicating this being a highly preferred
orientation. From the scanning electron microscope (SEM)
images as illustrated in Fig.3 (a), this sample can also be seen to
exhibit a plate-like morphology, which further confirms the
results of XRD. Moreover, in Fig. 1 (a), the pH value of the 1M
urea sample without dilution was 5.13. It has been shown that at
this pH value, the precipitates consist primarily of Cu
compounds, and not many Zn ions are precipitated.?® ICP results
also confirmed the composition of these precipitates to be con-
sisting of a large percentage of Cu. After being calcined at 300 °C,
only the CuO (JCPDS file 45-0937) diffraction lines could be seen
in the XRD pattern. With an increase in urea concentration and
water dilution, as shown in Fig. 2 (b), the samples prepared at
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Fig. 2 XRD patterns of precipitates under different reaction conditions
(a) urea = 1M 90 °C for 2h, and urea = 3M with 1/4 dilution ratio (b)
90 °C for 2h, (c) 90 °C for 5h, (d) 95 °C for 2h, (e) 100 °C for 0.5h, (f)
100 °C for 1h, (g) 100 °C for 2h.

Fig. 3 SEM images of (a) urea = 1M w/o dilution, (b) urea = 3M w/o
dilution, (c) urea = 3M with 1/4 dilute ratio 95 °C for 2h (HP-CZA
precursor), (d) CP-CZA precursor, (e) reduced HP-CZA catalyst, and (f)
reduced CP-CZA catalyst.

3M urea with 1/4 dilution ratio exhibit relatively weak azurite
peaks while clearly displaying aurichalcite ((Cu,Zn)s
(CO3),(OH)g; JCPDS file 17-0743) and hydrotalcite ((Cu,Zn)g
ALCO3(OH)6; JCPDS file 37-0629) peaks.

The crystal structure corresponding to aurichalcite (Cu/Zn
ratio is 0.67) phase crystallizes in the monoclinic space group
P2,/m (C?,;).2¢ Four different Me?* sites in this lattice are Me(1)
(Cy site symmetry) and Me(2) (C; site symmetry), which are
tetragonally distorted octahedral sites; while Me(3) and Me(4)
(both are C, site symmetry) have tetrahedral and trigonal
bipyramidal coordination, respectively. Me(1), Me(2), and Me(4)
sites are occupied by Cu and Zn with equal probability, while
Me(3) is entirely occupied by Zn. Similar to aurichalcite,
hydrotalcite is also a layered-structure compound. In its molec-
ular structure matrix, all of the metal ions are located in the
center of the hydroxide octahedral structures, and CO3*~ groups
are located between the hydroxide octahedral layers.”” This
implies that the metal ions are well separated by the hydroxide
ions and highly dispersed in the aurichalcite or hydrotalcite
structure matrix. In addition, it has been shown that when these
hydrotalcite-like structures are heated to 450 °C in air ambiance,
even the crystalline phases convert into metal oxides, while the
local bonding environment and electronic state of Cu ions
remain unchanged.?® It has also been reported that the intensity
of the XRD peaks related to aurichalcite phase has a positive
correlation with the activity of the Cu-based catalysts.** There-
fore, the precipitates that consist of such structures are believed
to be appropriate precursors for the catalyst applications.

A comparison between the diffraction lines in Fig. 2 (b), (d),
and (g) shows that azurite and malachite (Cu,CO3(OH),; JCPDS
file 41-1390) phases disappear when the reaction temperature
increases from 90 °C to 95 °C, and the formed alternative phases
are aurichalcite and hydrotalcite. The molecular structures of
azurite and malachite are based on Cu ions, but aurichalcite and
hydrotalcite structure are formed by Cu, Zn, and/or Al ions. In
addition, the pH values of the corresponding two samples in
Fig.1 (b) are 7.11 and 7.63. Thus, this indicates that most of Zn
and Al ions are precipitated between these two pH values, and
cause change in the structures of the precipitates. Further
increasing the reaction temperature to 100 °C is not beneficial for
precipitation since some fraction of precipitated Cu compounds
can be seen to oxidize to form CuO, in Fig. 2 (g). Besides, the
deep blue color of the corresponding solution indicates that
a large fraction of the remaining Cu ions are depleted by the
ammonia to form the Cu complexes, consequently making the
metal composition of precipitates to deviate from the initial
preparation. Thus, 95 °C is seen to be an optimum temperature
for preparation of this catalyst.

At 100 °C reaction temperature, as illustrated in Fig. 2 (e), (f),
and (g), with increase in reaction time, the azurite and malachite
phases gradually shift to aurichalcite and hydrotalcite phases as
well as reduce the preference towards orientation of the azurite
phase. However, an obvious color change of the solutions indi-
cates a rapid reaction between Cu ions and ammonia at 100 °C.
Also, CuO phase was detected for the 1h and 2h samples. This
accelerated reaction could mainly result from the enhanced
reaction kinetics at high temperature. By increasing the reaction
time from 2h to Sh at 90 °C, the XRD pattern was found to be
similar to the sample prepared at 100 °C for 2h, as shown in
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Fig. 2 (c). An obvious CuO peak can be seen, indicating that
though hydrotalcite-like structures can be obtained by increasing
the reaction time at relative low temperature (90 °C), the
oxidation of precipitates also become more serious.

In order to obtain the optimum preparation conditions, the
effects of urea concentration, amount of water, reaction
temperature and the time of urea hydrolysis reaction were
studied. Among these four parameters, reaction temperature was
found to play the most influential role in the current precipitation
process. As shown in Fig. 1 (b) and Fig. 2, under the condition of
3M urea with 1/4 dilution ratio, the pH values increased from
7.11 to 8.56 for increase in the reaction temperature by only
10 °C. In addition, variations in temperature were also found to
significantly influence the colors of solution and precipitates as
well as the structure of precipitates, especially at higher
temperatures. 100 °C was not found to be an appropriate
temperature for the urea hydrolysis reaction because of the
associated promotion of side reactions and increased oxidation
for Cu compounds during the precipitation process. Besides,
boiling of the solution during reaction would not only change the
equilibrium ratio of liquid to vapor, but also the concentration of
solution, affecting the composition of final product.

Since various combinations of the reaction conditions are
possible for the catalyst preparation, four parameters were used
to select the optimum conditions. First, the pH value was
monitored and controlled between 7 and 8. Second, the color of
the solution and precipitates was observed to help judge the
composition of the product. Third, ICP analyses were used to
confirm the composition of the product. Fourth, XRD patterns
were studied to characterize the crystallinity and detect existence
of various crystalline phases in the product. Only when the
product conformed to the expectations from these four param-
eters, then the catalyst was chosen to proceed to the catalytic
activity test. Among all the experimental conditions, 3M urea
with 1/4 dilution ratio and temperature of 95 °C for 2 h was
selected as the preferable condition and named as HP-CZA,
based on its appropriate pH value, its colorless solution, close
matching of its chemical composition with preparation condi-
tion, and the hydrotalcite-like structure of precipitates.

In order to compare the effects of precipitation method on the
performance of the catalyst, a co-precipitation method derived
sample was also prepared and named as CP-CZA. The chemical
composition of CP-CZA was the same as that of HP-CZA.
Figure 4 illustrates the XRD patterns of CP-CZA and HP-CZA
before and after calcination. In Fig. 4(a), the diffraction lines
indicate the formation of copper, zinc and aluminium oxide after
calcination. The structure of HP-CZA was found to be similar to
CP-CZA before as well as after calcination. However, HP-CZA
displayed broader peaks compared to CP-CZA, indicating its
relatively smaller crystallite size. Based on the Scherrer equation,
the crystallite sizes of HP-CZA and CP-CZA after calcination
were calculated to be ~7.3 nm and 16.3 nm, respectively. This
indicates that homogeneous precipitation method is capable of
yielding nano-sized catalyst.

Figure 3 shows SEM images of the HP-derived samples
prepared under different reaction conditions and CP-CZA. The
sample prepared with 1M urea clearly exhibits a plate-like
structure. This morphology further confirms the preferred
orientation observed in the X-ray diffraction pattern as shown in

25 30 35 40 45 50 55 60
(b) ®m  (Cu,Zn)Al(OH), ,CO_-4H,0, hydrotalcite
¥ (Cu,Zn),(CO,),(OH),, aurichalcite
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n (m] CuZCOJ(OH)?‘ malachite

% Cuo o x
v
n Oy vAY
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Fig.4 XRD patterns of CP-CZA and HP-CZA (a) after calcination and
(b) precursors.

Fig. 2 (a). When the urea concentration and amount of water
were increased, fracturing of surface of the structures was
observed, and finally formed the flower-like structures, as shown
in Fig. 3(b) and (c). Interestingly, after high temperature calci-
nation (300 °C in air for 3h) and reduction (350 °C in 10% H,/N,
for 2h) processes, HP-CZA particles can still maintain the special
morphology with scarcely shape reconstruction, even the crystal
structure of HP-CZA catalysts is very different from that of
precursors, as shown in Fig. 3(e). On the other hand, CP method-
derived particles display irregular shape and non-uniform
particle size. Both the precursors and the reduced CP-CZA
catalysts show serious aggregation, as shown in Fig. 3(d) and (f).
From BET analysis, the surface area of calcined HP-CZA and
CP-CZA catalysts were calculated to be 78.5 m*/g and 47.3 m?/g,
respectively. This flower-like morphology of HP-CZA particles is
presumably responsible for the larger specific surface area than
that of the CP-CZA particles, and is expected to facilitate the
methanol reforming reaction.

Measurements of catalytic activity and methanol reforming
reaction

The TPR profiles of the catalysts prepared by HP and CP
methods are presented in Fig. 5, with pure CuO data as
a comparison. In Fig. 5(a), all samples exhibit a reduction profile
in the temperature range 100-350 °C. Unlike the curve of pure
CuO, both HP and CP catalysts show less H, consumption and
asymmetric TPR profiles; and the main reduction peaks shift to
either higher (CP) or lower (HP) temperature relative to that of
CuO. For CP-CZA, the onset of the reduction is apparent at
150 °C and increases rapidly to reach a maximum at 248 °C.
Moreover, a shoulder at 280 °C and completion of the reduction
at about 320 °C is concluded. In contrast, HP-CZA exhibits
a lower onset reduction temperature at 115 °C and reaches
a maximum at 179 °C. Also different from CP-CZA, it shows
a long tail at 200 °C and extends the reduction process to 265 °C.
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Fig. 5 Temperature Programmed Reduction patterns with Gaussian
fitting results and the extent of reduction of CuO, HP-CZA, and CP-CZA.

It is clear that the catalyst prepared by HP method shows a lower
reduction temperature and narrower range, indicating better
dispersion of copper in the catalyst and easier reduction of the
copper oxides in HP-CZA catalyst.

In order to get more insight into the TPR results, the profiles
were deconvoluted by fitting to Gaussian profiles as summarized
in Fig. 5(b). There are at least four components in the decon-
volution, manifesting the complexity of these reduction reac-
tions. Different TPR components were explained by reduction of
different Cu(II) species, such as CuO, CuAl,O4, and Cu** ions
incorporated in octahedral sites of the Al,O3 phase.****?° For the
curve of CuQ, it can be distinguished into two TPR components
which could be interpreted as the two-step reduction: Cu(Il) —
Cu(I) — Cu(0).* Since the XRD results of HP and CP catalysts,
shown in Fig. 4(a), illustrate clear CuO diffraction lines, the main
peaks in the TPR profiles should also be assigned to the reduc-
tion of CuO. Excluding CuO, Cu(II) species in the zinc oxide and
zinc aluminate should be reduced at a temperature higher than

that of CuO,” and could be related to the small signal that
appears at the end of the reduction peak. It also has been
reported that highly dispersed copper in CZA catalysts would
exhibit Cu—Al interaction in the calcined samples.3! The principal
role of aluminium oxide would be to enhance the dispersion of
oxidic copper species on its surface, both by the formation of
a CuAl,O4-like phase and by the stabilization of isolated Cu**
ions in the alumina matrix. The reduction of copper in CuAl,Oy4-
like species located at lower temperatures than CuO.** Although
we can not observe such phase in the XRD analysis, there is
a possibility that small amount of CuAl,Oy-like species would
form within the catalyst. This could be the reason for the small
TPR components at the beginning of the reduction peak. The
shape variation of TPR curves of the HP and CP catalysts could
also be attributed to the different specific surface area, crystallite
size of copper, and the metal-support interaction.?

It is interesting to note that most of the reduction temperatures
of HP-CZA are below 200 °C, which are much lower than those
of the CP-CZA. Moreover, the reduction temperature range for
HP-CZA is 16 °C, which is only about 2/3 of the temperature
range for CP-CZA. In Fig. 5(b), HP-CZA shows around 10%
enhanced reduction (H,/Cu?* molar ratio) (0.92) than that of CP-
CZA (0.83), which is correlated with the smaller CuO crystallites
of HP-CZA than that of CP-CZA as indicated in Fig. 4. The
abovementioned observation clearly indicates the improvement
in activity and uniformity of the HP-CZA catalyst. From the
XRD results in Fig. 4(b), HP-CZA 1is hydrotalcite-like structure
after the precipitation process, while CP-CZA shows obvious
CuO and malachite structures besides the hydrotalcite-like
phase. These uniform structures in HP-CZA not only affect the
distribution of the copper, but also the metal-support interac-
tion, leading to the improved reactivity in HP-CZA, particularly
after the calcination treatment.

Table 1 summarizes the results for steam reforming of meth-
anol at 250 °C using the CZA catalysts prepared by both CP and
HP methods. The commercial CZA catalyst (G66B) is also used
as a comparison. The catalyst prepared by HP method clearly
shows higher efficiency for methanol conversion, which can be
attributed to the higher surface area and excellent dispersion of
active metal in this catalyst. The turnover frequency (TOF) of
HP-CZA catalysts is higher than that of CP-CZA and
commercial CZA, indicating higher active copper surface of the
HP sample. Significant enhancements in the rate of hydrogen
production as well as selectivity of carbon dioxide are also
observed, suggesting the homogeneous precipitation method to
be a superior way to prepare highly active catalyst for the
methanol reforming reaction.

Modification of support of the CZA catalysts with cerium and
zirconium oxides

The functions of cerium and zirconium oxides in the Cu-based
catalyst system over methanol reforming reaction have been
extensively studied in the literatures.®***° CeQO, has been intro-
duced to increase the Cu dispersion and the thermal stability of
the catalysts,**35 and even to reduce the CO concentration due to
its ability to store/release O, by Ce*'/Ce** redox couple.’®
Moreover, ZrO, is also expected to enhance the catalytic
behavior of Cu-based catalysts. The higher activity of Cu-ZrO,
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Table 1 Comparison of CP-CZA and HP-CZA over the OMR reaction at 250 °C for 5h

Chemical

composition”

(Wt%) Methanol Selectivity (%)

Synthesis pH  Sggr Scu Dispersion  conversion H, production TOFY ————

Catalyst Cu Zn Al value (m?%g) (m%g) (%) (%) (mmol/sec-Kge,) (s7') CO, CO
CP-CZA 43.1 462 107 7.77 47.3 19.6 7.6 77.0 145.3 0.29 97.2 2.8
HP-CZA 447 458 9.5 1763 78.5 24.3 10.2 90.1 198.9 0.33 98.7 1.3
Commercial 38 41 21 70.1 21.0 8.1 88.7 157.4 0.30 98.1 1.9

CZA (G66B)

@ Chemical compositions obtained from ICP measurement. © Hydrogen molecules produced per unit surface atom per second at 250 °C.

Table 2 CZACZ catalyst series over the OMR reaction at 250 °C for Sh

Composition

Selectivity (%)

SBET Scu Dispersion ~ Methanol H, TOF
Catalyst Cu Zn Al Ce Zr  (m*Yg) (m¥g) (%) conversion (%)  (mmol/sec-Kg.,) ™ CO, CcO
CZA 45 45 10 78.5 24.3 10.2 90.1 198.9 0.33 98.7 1.3
CZAC 45 45 5 5 83.6 28.5 11.4 91.5 217.2 0.31 99.1 0.9
CZACZ 45 45 5 25 25 813 29.1 11.8 90.7 213.5 0.30 99.1 0.9
CZC 45 45 10 81.5 29.9 12.5 93.3 238.6 0.32 99.2 0.8
CzZCZ 45 45 5 5 82.8 30.7 13.1 95.9 244.1 0.32 99.3 0.7

catalysts has been attributed to the stabilization of Cu,O on the
surface of the reduced catalysts.®'”37 It is believed that the
formation of Cu,O leads to both more active and more durable
catalysts, since Cu,O is less susceptible to sintering than Cu
metal.®*” Therefore, in the present research, cerium and zirco-
nium oxides were incorporated to support CZA catalyst in order
to further improve its catalytic properties. The compositions of
modified catalysts are listed in Table 2. Since the high activity
CZA catalyst has been prepared by homogeneous precipitation
in the present study, similar preparation conditions were used to
prepare the modified catalysts.

Fig. 6 presents the EDX mapping pattern of CZCZ catalyst.
Not only copper and zinc can be seen to be dispersed uniformly
in the catalyst, but cerium and zirconium are also distributed
quite uniformly between copper, zinc, and each other. This high
homogeneity of metal components in the precursor should result
from the homogeneous hydrolysis ions in the precursor solution
generated via HP method. The EDX mapping of CZCZ in Fig. 6
indicates that HP method is able to produce highly dispersed
metal components in the catalyst precursor, which plays an
important role in the formation of working catalyst after calci-
nation, and may enhance its catalytic performance over the
methanol reforming reaction. In addition, it also implies that this
method can be used to prepare other multi-compositional
materials.

Fig. 7 presents the results of TPR studies of the CZACZ
catalyst series. For the catalysts containing alumina, as shown in
Fig. 7 (a), (b), and (c), the reduction temperature can be seen to
be around 180 °C. However, for the catalysts without alumina as
shown in Fig. 7 (d) and (e), the reduction temperature clearly
decreases to around 160 °C. The 20 °C lower reduction
temperature of main peaks indicates that HP-CZC and
HP-CZCZ have higher Cu dispersion, and are likely to exhibit

Zirconium La1

Cerium La1

Fig. 6 EDX mapping of HP-CZCZ catalyst.
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Fig. 7 TPR results of (a) CZA (b) CZAC (c) CZACZ (d) CZC and (e)
CZCZ prepared by HP method. The insets illustrate the FWHM of the
reduction peaks (left) and the extent of reduction for each sample (right).

higher catalytic activity over the reforming reaction than the
other catalysts. As shown in Table 2, the measurements of copper
surface area and dispersion also have the same trend as TPR
results.

The insets in Fig. 7 demonstrate the full width half maximum
(FWHM) of the reduction peaks and the extent of reduction
(H»/Cu?* molar ratio) for each samples. In Fig. 7, all the catalysts
prepared by HP method exhibit high extent of reductions,
especially over 95% for CZC and CZCZ, indicating that these
two catalysts have better activity than the others, which also
reflects on their low reduction temperatures. Moreover, it is
interesting to note that for the catalysts with cerium oxide, the
FWHM of the reduction peak decreases dramatically. When
there is no alumina in the catalyst, the FWHM is even smaller.
On the other hand, for the samples with zirconium oxide, the
FWHM of reduction peaks increase slightly whether there is
alumina in the catalyst or not. This result manifests that addition
of alumina and zirconium oxides can enhance the interaction
between copper and the support, resulting in broader TPR
profiles. Despite broadening the TPR profiles, alumina and
zirconium oxides can act as a diffusion barrier to prevent sin-
tering of copper and cerium oxides during methanol reforming
reaction and improve the catalytic stability.'*-3®

The results of methanol reforming reaction at 250 °C for HP-
CZACZ catalyst series are illustrated in Fig. 8 and the details of
the reaction are summarized in Table 2. For the catalysts con-
taining alumina, the methanol conversion was found to be
around 90%. Addition of cerium and zirconium oxides increased
the hydrogen production rate and decreased the CO concentra-
tion. When alumina are completely substituted by cerium and
zirconium oxides, both the methanol conversion as well as
hydrogen production rate further increase, while the CO
concentration decreases to around 0.7% which is approximately
half of the HP-CZA catalyst. Although the TOFs don’t have
much change after modification of cerium and zirconium oxides,
the hydrogen production rates show obvious increase, especially
for CZC and CZCZ catalysts. Comparative to the similar cata-
lysts operated at 250 °C over methanol reforming reaction in

100 2.5
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Rate of hydrogen production
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Fig. 8 Oxidative methanol reforming results of HP-CZA modified via
addition of Ce and Zr oxides.

literature,*®** our modified catalysts exhibit nearly 100% meth-
anol conversion and over 200 mmol/sec-Kg.,, at merely 20 mg
catalyst loading under high gas feeding rate (GHSV > 8500 h™'),
manifesting the advantage of our catalysts.

Modification of this catalyst with cerium not only greatly
enhances the methanol conversion and rate of hydrogen
production, but it also significantly reduced the formation of CO,
which may be due to the high oxygen storage capacity of cerium
oxide.?**® In our observation, incorporation of zirconium can
further improve the catalytic behavior. Besides, addition of
cerium and zirconium oxides may facilitate the water—gas shift
reaction (Eq. (5)), consequently causing the CO to be oxidized by
H,O, thus resulting in increased production of hydrogen and
reduced concentration of CO simultaneously.’**® As shown in
Fig. 8, for HP-CZCZ catalyst, the hydrogen production rate
increases to as high as 98% and the methanol conversion rises to
as high as 96% as well. After 100 hour stability test, this catalyst
exhibits 0.15% decay of methanol conversion per hour. Although
the independent function of CeO, and ZrO, in the Cu-based
catalyst system has been reported,®3*3 the joint function of these
two oxides as well as the relations among each component in the
catalyst are still unclear. We believe this joint function would also
affect the catalytic behavior.

Conclusions

Highly active catalysts for hydrogen production were success-
fully prepared by a homogeneous precipitation method under
optimized conditions. The CZA catalysts thus synthesized using
the homogeneous precipitation method exhibited highly uniform
dispersion of components and significantly lower reduction
temperature as compared to the conventional co-precipitation
method. In particular, the flower-like morphology of the catalyst
particles suggests that the homogeneous precipitation method
affords a higher specific surface area. Over the methanol
reforming reaction, the catalysts prepared by HP method
exhibited greatly improved performance in terms of methanol
conversion, yield of hydrogen production, and higher carbon
dioxide selectivity than the catalysts prepared by CP method.
When the alumina support was substituted by cerium and
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zirconium oxides, the reduction temperature was further
decreased while simultaneously further improving the catalytic
reaction performance. Moreover, merely 20 mg catalyst loading
exhibited 98% methanol conversion rate under higher than
8500h~' GHSYV, indicating that HP-derived catalyst are capable
of producing hydrogen highly efficiently. In future, not only can
this method be used to synthesize other multi-composition
materials with high homogeneity, but can also be used for large
scale production of highly active catalyst that can generate
hydrogen efficiently for fuel cell applications.
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