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A series of nickel-, copper-, and aluminum-containing catalysts at a (Ni+Cu)/Al mole ratio of 3 and
Cu/Ni mole ratio in the range of 0.03-0.4 was prepared by coprecipitation from corresponding metal
nitrate solutions at alkaline pH. The composition and structure of the precipitates were determined by
chemical analysis, thermogravimetric analysis (TGA), and X-ray diffraction (XRD). The XRD patterns
confirmed that the precipitates are of hydrotalcite-like structures and, more specifically, they are takovite.
The brucite-like layers consist of nickel, copper, and aluminum ions of composition [CuyNix-yAl1-x(OH)2](1-x)+,
while the interlayers consist of CO32- and crystalline water. The observed variation of lattice parameters
with copper content led us to conclude that the copper and aluminum ions were randomly substituted for
the nickel ions in the brucite layer. The catalytic conversion tests at 670°C showed a significantly enhanced
catalytic reactivity of 2 mol % copper-doped catalysts as compared to a pristine nickel catalyst. A higher
copper doping led to a less significant improvement in catalytic reactivity. A scanning electron micrograph
(SEM) confirmed the production of carbon nanofibers.

Introduction

Research into production of pure hydrogen has been
stimulated by the increasing need from refineries for pure
hydrogen to produce more reformulated gasolines and deeper
hydrotreating diesels.1 Moreover, the requirement for CO-
free hydrogen (at ppm level) becomes even more stringent
for its use in proton exchange membrane (PEM) fuel cells.2

Traditionally, hydrogen is produced by steam reforming or
partial oxidation of methane to produce synthesis gas,
followed by the water-gas shift reaction to convert CO to
CO2.3-6 The need for CO removal from hydrogen not only
increases the complexity of hydrogen production but also
sets the economic barrier for its commercialization. It is,
therefore, highly desirable to search for other alternatives
for production of high-purity hydrogen. Direct thermal
decomposition of light hydrocarbons such as methane or
ethane via catalytic decomposition may be an alternative
route for producing pure hydrogen. In this approach, carbon
nanofibers formed during the decomposition as a value added
byproduct can have a variety of applications.7-10 One of the

drawbacks in this approach is solid carbon deposition on
catalyst during the catalytic reaction, which causes severe
catalyst deactivation. Extensive research in the past decade
has been devoted to studying and developing new catalysts
in an attempt to reduce the severity of carbon deposition
during non-oxidative catalytic decomposition of hydrocar-
bons.

A noncatalytic fossil fuel decarbonization process at
temperatures above 800°C was proposed to produce
particulate carbon and hydrogen.11,12 Bromberg et al.13,14

studied thermal reforming of natural gas and diesel with and
without a catalyst using plasma as the heat source to produce
hydrogen in a fuel converter for internal combustion engines.
They found that catalyst fouling due to carbon deposition
could be avoided by simultaneous purging of reactor with
air. In this case, instead of producing solid carbon, gaseous
CO is produced as a byproduct. Using impregnation methods,
pristine nickel catalyst supported on Al2O3 or SiO2 was tested
for direct cracking of methane or diluted methane. Using a
catalyst containing 16 wt % Ni on SiO2 support, an initial
methane conversion of 35% was achieved at a reaction
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temperature of 550°C.15 The catalyst was found to be
deactivated due to spatial limitations imposed on long
cylindrical hollow carbon filaments. Choudhary et al.16 tested
catalysts containing 10 wt % Ni on SiO2, H-ZSM-5, and
HY zeolite supports for hydrogen production by catalytic
decomposition of diluted (20 vol %) methane. The maximum
CH4 conversion of 45% at a reaction temperature of 550°C
was reported. The reaction products were found to contain
CO and CO2 due to the reaction of the carbonaceous residue
with oxygen from oxide supports.

Alloying of catalysts is an alternative to improve catalytic
performance by progressively changing the electronic struc-
ture of metals in catalysts.17 Substitution of base metal for
noble metals, such as Pt or Pd, makes alloying catalysts more
practical for the large-scale applications. Several nickel-
based, alloyed catalysts have shown improved catalytic
performance by improving their thermal stability during
steam reforming, methanation, and direct hydrocarbon crack-
ing.18,19LaNi5, for example, was used as a catalyst to produce
hydrogen and grow carbon nanotubes by catalytic decom-
position of methane at 670°C.20 Nanoscale binary Fe-M
(where M) Pd, Mo, Ni) catalysts containing 4.5 wt % Fe
and 0.5 wt % M supported on Al2O3 were used for non-
oxidative catalytic decomposition of methane at 400-500
°C to produce pure hydrogen and carbon nanofibers.1 The
bimetallic catalysts showed a higher activity than a corre-
sponding monometallic catalyst containing 5 mol % Fe
supported on Al2O3. Alloys of nickel with copper are
receiving increasing attention because these two metals form
a solid solution. Because copper is less active to chemisorb
methane, the optimal doping of copper in a catalyst shows
little carbon deposition from aliphatic hydrocarbons at tem-
peratures below 800°C.19 To date, most nickel-copper
alloys have been made as unsupported metallic powders,21

films,22 and single crystals.23 Little work has been reported
on supported nickel-copper alloys prepared by coprecipi-
tation.

The objective of this work is to gain a fundamental
understanding of these supported catalysts for direct methane
decomposition to produce hydrogen and nanocarbons. The
focus of the paper is on the synthesis and characterization
of Ni-Cu-Al compounds of hydrotalcite (HT) structure as
the precursors of catalysts for simultaneous production of
hydrogen and carbon nanofibers from methane decomposi-
tion. The synthesis of precursors was performed at pH 7 and
10 with sodium hydroxide and/or sodium carbonate as
precipitants. Examined in this study were the effect of
calcination temperature on the structure and morphology of
oxide samples and the effect of catalyst activation temper-
ature and copper content on catalytic activity.

Experimental Section

Sample Preparation.All of the chemicals (aluminum nitrate,
nickel nitrate, cupric nitrate, sodium hydroxide, and sodium
carbonate, all from Fisher Scientific) used for catalyst preparation
were of analytical grade. The coprecipitation was carried out by
mixing two solutions, one containing nickel, aluminum, and cupric
nitrates at a (Ni+Cu) to Al mole ratio of 3 and a total metal
concentration of 0.4 mol/L, and the other containing a stoichiometric
amount of Na2CO3 and/or NaOH. Initially, 200 mL of distilled water
was placed in a 1000 mL beaker equipped with a mechanical stirrer,
thermometer and pH probe. The pH was measured with a Fisher
35636-15 pH meter. The prepared solutions (100 mL each) were
added simultaneously to the beaker, and the rate of addition was
adjusted so that the pH of the mixture was kept constant at a
predetermined value by controlled addition of sodium hydroxide
and sodium carbonate stock solutions. A number of preparations
were carried out by adding Na2CO3 stock solutions as pH modifier
to nitrate solutions to keep the solution at a predetermined pH value.
Some of the coprecipitation tests were performed with an ultrasonic
dismembrator (Fisher Scientific). The temperature of the solution
was maintained throughout at 75-80 °C. Suspensions after
precipitation were aged for 15-30 min before the solvent was
removed by decanting. The remaining precipitates were rinsed
several times with distilled water and acetone to remove sodium
ions and residual water, respectively. The cleaned precipitates were
then dried under vacuum at 60°C overnight.

Characterization. The prepared precipitates were characterized
by X-ray diffraction, chemical analysis, and thermal gravimetric
analysis. X-ray diffraction patterns were obtained on a RU 200
diffractometer (Rigaku, Japan) using Cu KR X-ray as the radiation
source. The diffraction patterns were recorded over a 2θ range from
10° to 80° at a step size of 0.05°. Unit cell parameters (ao, co)
were determined by indexing the diffraction peaks according to
the hexagonal system with a least-squares fitting program. The
nickel, aluminum, and copper content was determined by chemical
analysis using a Varian FS 220 atomic absorption spectrophotometer
following an aqua-digest method. Thermogravimetric analysis of
the formed catalyst precursors was carried out on a Netzsch 409
analyzer under 10 mL min-1 flowing air and at a heating rate of
10°C min-1. The particle size of the precursors was measured using
a Malvern SM2000 mastersizer. The precipitates were calcined in
an up-flow Thermolyne F-21125 vertical furnace with the air flow
at 10 mL min-1 and a heating rate of 5°C min-1. The calcination
temperature varied from 270 to 450°C for a given period of time.

Reaction Conditions.The hydrogen, methane, and nitrogen used
in this study were of ultrahigh purity. All of the reactions were
carried out in an up-flow vertical reactor. The reaction chamber
made of 7.5 mm i.d. quartz tube was heated in the Thermolyne
F-21125 furnace. In each test, 80 mg of the calcined catalyst
precursor particles was placed in the middle of the furnace where
the temperature gradient was small. All of the reactions were carried
out under atmospheric pressure. To activate the catalysts, the
calcined catalyst precursors were reduced at a given temperature
for different periods of time. The reduction was performed under
a H2 and N2 gas mixture environment. The H2 to N2 volumetric
ratio was fixed at 1/2 with a total gas flow of 27.5 mL min-1 (STP).
At the end of catalyst activation, the mixed gas was switched to
CH4/N2 at a volumetric ratio of 1/1 and a total gas flow rate of
18.5 mL min-1 (STP). The conversion reaction proceeded at a given
temperature for 1.5 h. The average methane conversion was
calculated by performing a mass balance between the amount of
carbon produced (in moles) and the total moles of methane flowing
through during the reaction.
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Results and Discussion

Chemical Analysis and Particle Size Determination.
When suitable nickel salt solutions were coprecipitated with
aluminum salts, the precipitates formed showed an XRD
pattern similar to that of mineral takovite. The chemical
formula of takovite is Ni6Al2(OH)16‚CO2‚4H2O. The takovite
of the hydrotalcite structure24-28 consists of brucite-like
layers, which contain both divalent and trivalent cations in
octahedral sites. The brucite layers are separated by disor-
dered interlayers containing water molecules and carbonate
ions.

Table 1 summarizes the reaction conditions and actual
chemical composition of the formed precipitates. When the
synthesis was performed with the addition of NaOH and
Na2CO3, the quantity of Na2CO3 was chosen in such a way
that the ratio of CO32-/(Ni2++Al3++Cu2+) was kept constant
at 1/8. The pH in this case is 10; otherwise, it is 7. The results
in Table 1 show a significant impact of pH and aging on the
average size of the precipitates. At pH 10, the average particle
size of the precipitates formed over a short period of aging
(15 min) is 36µm, which is much smaller than 61µm for
the precipitates formed over a 30-min aging. At a given aging
time (15 min), reducing the coprecipitation pH from 10 to 7
reduced the precipitate size down to 7µm. In general, the
rate of nucleation is higher at higher pH, because of the
higher concentration of hydroxide ions. A rapid precipitation
leads to precipitate agglomeration, resulting in a product of
larger particle size. The precipitate size can be further
reduced to 1-2 µm by ultrasonicating the solution during
the precipitation.

With regard to the type of anions incorporated into the
interlayers, it is know that carbonate ions, whenever avail-
able, rather than nitrate ions are selectively incorporated into
the interlayers.25,26 At pH < 7, however, nitrate ions could
be incorporated into the interlayers due to the lack of
carbonate ions. In fact, a very pure hydroxynitrate was
obtained when the precipitation was carried out at pH 5.26

This effect of pH can be accounted for by considering the
following chemical equilibria:

with pKR1 ) 6.4 and pKR2 ) 10.3. The reactions above show
that the carbonate ion concentration in solution is drastically
lowered at pH below 6.4 where the carbonate is most likely
in the form of H2CO3. Considering precipitation pH above
7 in our study, the hydroxycarbonates are anticipated to be
formed as interlayers of the precipitates.

Thermogravimetry Analysis (TGA). Figure 1 shows
TGA traces of thermal decomposition in air of samples A1,
A2, A3, and B22u. In general, the TGA curves for pristine
Ni-Al precipitates are indistinguishable, exhibiting an
identical thermal behavior. The weight loss after removal
of free water (1.7-2.5%) for pristine nickel precipitates can
be divided into two temperature regions: from 100 to 180
°C and from 270 to 350°C. The first thermal effect
amounting to a weight loss of about 7.5% corresponds to
the loss of interlayer water, indicating interactions of the
water molecules with their surrounding chemical species,
such as the intercalated anions and OH groups of the brucite-
like layers. The weight loss in the second region is attributed
to the total thermal effect of the dehydroxylation of brucite-
like layers and depletion of CO32-, resulting in the collapse
of the layer structure. The transition between these two
thermal effects depends on many factors, such as mole ratio
of cations, type of anions, and the environment of heat
treatment.29 It is reported that the temperature range for the
second thermal effect increases with increasing aluminum
mole ratio,x(=Al/(Ni +Al)).30,31 Becausex values for our
pristine nickel precipitates are kept within a very narrow
range (0.24-0.26), we anticipate that the temperature range
for the second thermal effect remains unchanged as indicated
in Figure 1. Moreover, the pH and aging time of precipitation
showed little effect on the decomposition of pristine nickel
precipitates. This finding indicates that the thermal stability
of the formed pristine nickel precipitates does not depend
on its preparation conditions. For the samples doped with
22 mol % Cu during preparation (thick line), the second
thermal effect occurs over a broader temperature range from
270 to 380°C, indicating a higher thermal stability of copper-
doped precipitates. The information obtained from the above
TGA analysis provides us with a guideline for choosing
calcination temperatures.
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Table 1. Relationship between Chemical Composition and Preparation Parameters

samplea reactant
aging
(min)

(Ni+Cu)/Al
(expected)

(Ni+Cu)/Al
(calculated)

Al/(Ni +Cu+Al)
(calculated)

size
(µm)

A1 NaOH/Na2CO3 30 3 3.2 0.24 61
A2 NaOH/Na2CO3 15 3 2.9 0.26 36
A3 Na2CO3 15 3 3 0.25 7
B1.8 Na2CO3 15 2.9 3 0.25 7
B3.5u Na2CO3 15 3 2.9 0.26 1
B11u Na2CO3 15 3.1 3.1 0.24 0.7
B22u Na2CO3 15 3 2.9 0.26 2

a The sample code starting with letter A and B indicates the synthesis without and with Cu doping, respectively. The suffix number reflects the mole
percentage of copper in reference to metallic elements used in synthesis. The affix u represents the synthesis performed under ultrasonication. As an example,
B3.5u represents a catalyst with 3.5 mol % Cu doped in 97.5 mol % nickel and aluminum, synthesized under ultrasonication.

H2CO3 T H+ + HCO3
- (1)

HCO3
- T H+ + CO3

2- (2)
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Structural Analysis. Figure 2 shows X-ray diffraction
patterns (XRD) of the freshly prepared and dried pristine
and copper-dopd Ni-Al precipitates. The XRD patterns
obtained are characteristic of those for HT-like minerals and
could be indexed on a rhombohedral base of 3R symmetry.
The unit cell parameters of a rhombohedral structure areao

and co ) 3c′, where c′ is the thickness of one layer
constituting a brucite-like sheet and one interlayer.32,33There
is no sign of additional peaks for a second phase, indicating
the absence of any other nickel-, aluminum-, or copper-
containing phases in the precipitates. Generally speaking, the
pristine Ni-Al is of HT-like structure when the mole fraction
of aluminum,x, is within 0.2-0.4.34-36 Copper-doped Ni-
Al is also of HT-like structure when the Cu to Ni molar
ratio is equal to or lower than 1. It is known that Cu2+ ions
are situated in octahedras of brucite layers. Due to the Jahn-
Teller effect, the presence of Cu2+ in the HT lattice of pristine
Ni-Al precipitates will cause a distortion of the octahedral
coordination, leading to a gain of lattice energy. When the
Cu2+/Ni2+ mole ratio is higher than 1, this distortion becomes
so severe that the formation of other copper-containing

phases become energetically more favorable. Because our
actualx value is 0.25 and the copper to nickel mole ratio
ranges from 0.03 to 0.4, the absence of other phases other
than HT is not unexpected, as confirmed by XRD patterns
shown in Figure 2.

As compared to samples A1 and A2 (synthesized at pH
10), sample A3 (synthesized at pH 7) was much better
crystallized, as is evidenced by much narrower X-ray
diffraction peaks of higher signal-to-noise ratio. Moreover,
for samples A1 and A2, the (0kl) diffraction peaks ((012),
(015) and (018)) are broad and asymmetric, indicating
stacking disorder.37,38This observation appears to be in line
with the discussions above, that the rate of nucleation is
higher than crystal growth at higher pH, causing the
formation of less crystalline precipitates. At pH 7, the above
(0kl) diffractions become much better developed and more
symmetrical with increasing copper doping. Moreover, the
separation of the two peaks at 2θ ) 60.7 and 62.1 becomes
more pronounced as the copper content increases, indicating
a better crystallized structure for copper-doped samples. The
improved crystallinity with increasing copper doping ac-
counts for the observed improvement of thermal stability
shown in TGA tests. In all of the cases, the positions of these
(0kl) diffraction lines are in excellent agreement with
indexing of a tripledc-axis, that is, 3 times the distance
between the layers of metal ions. This is of the same stacking
sequence as in the rhombohedral mineral hydrotalcite.

Table 2 summarizes the lattice parametersao andco and
the chemical formula of the samples (based on chemical
analysis) as a function of copper content. The layer spacing
(1/3co or c′) for copper-doped samples does not change
significantly with an increase in the copper content. This is
in line with a close match of ionic radii between copper and
nickel (Ni2+ ) 0.83 Å, Cu2+ ) 0.87 Å). Gastuche et al.37

observed a decrease in layer spacing with an increase in the
amount of Al3+. This was explained by the increase in
electrostatic attraction between the brucite layer and inter-
layer due to a higher positive charge of Al3+. The slight
change in interlayer spacing for pristine- and copper-doped
samples is due to a slight change in Al3+ content as can be
seen for samples B3.5u, B11u, and B22u in Table 2. Theao

parameter is a measure of the average M-M (Ni, Al, Cu)
distance in the basal plane of the rhombohedral structure.
The monotonic increase in theao parameter with increasing
copper content is consistent with an increase in the presence
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Figure 1. Thermogravimetric analysis of pristine- and copper-doped Ni-
Al HT-like precipitates.

Figure 2. X-ray diffraction patterns of Ni-Al HT-like precursors (a) A1,
(b) A2, (c) A3, (d) B1.8, (e) B11u, and (f) B22u.

Table 2. Lattice Parameter (ao), Interlayer Spacing (1/3co), and
Chemical Formula of the Pristine- and Copper-Doped Samples

sample
ao

(Å)

1/3co

(Å) chemical formula

A3 3.04 7.71 Ni0.75Al0.25(OH)2‚0.125CO3‚0.5H2Oa

B1.8 3.04 7.70 Ni0.732Cu0.018Al0.25(OH)2‚0.125CO3‚0.5H2O
B3.5u 3.05 7.63 Ni0.705Cu0.035Al0.26(OH)2‚0.13CO3‚0.52H2O
B11u 3.06 7.75 Ni0.65Cu0.11Al0.24(OH)2‚0.12CO3‚0.48H2O
B22u 3.09 7.65 Ni0.52Cu0.22Al0.26(OH)2‚0.13CO3‚0.52H2O

a Interlayer water is based on a CO3
2- to H2O stoichiometry ratio

of 1/4.
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of slightly larger Cu2+ cations in the lattice, especially at
higher copper content.

The results in Table 2 are best explained on the basis of
hydrotalcite structure in which the nickel, copper, and
aluminum cations are incorporated in brucite-type hydroxide
layers that have the chemical composition of [CuyNix-y-
Al 1-x(OH)2](1-x)+. The CO3

2- is incorporated between the
layers (interlayers) to compensate for the excess charge of
the layers, caused by the presence of aluminum cations.
Water is also included in the crystal structure of the
interlayer. The main evidence for the incorporation of the
aluminum and copper ions in the brucite layers comes from
the observation (Table 2) that the1/3co value decreases with
increasing aluminum content and theao parameter increases
with increasing copper content.

Calcined Samples.In the preparation of Ni-Al mixed
oxide catalysts from Ni-Al HT-like precursors, selecting
the type of anions is critical. Sulfate anions (SO4)2- could
departure as SO3 gases during calcination only at tempera-
tures above 850°C.27 Nitrate ions promote sintering of NiO
crystallites during calcination at high temperatures. In the
case of chlorine, it not only enhances the sintering of NiO
particles, but also remains bonded to the nickel, poisoning
the reactivity of the resultant catalysts. Among the available
anions, carbonates are considered as the best anion for the
preparation of pristine- or copper-doped Ni-Al HT-like
catalysts, as carbonate can departure as CO2 at relatively low
calcination temperatures.

Figure 3 shows the XRD patterns of B1.8 precursors before
and after heat treatment at 270°C for 17 h. This calcination
temperature was chosen on the basis of the thermogravimetric
analysis results which indicated dehydroxylation starting at
270°C. After 17 h at 270°C in air, three distinct diffraction
peaks at 2θ ) 37°, 44°, and 62° in Figure 3b were observed.
These peak positions correspond well with three most intense
peaks of NiO in JCPDS 78-0643, indicating the formation
of a cubic NiO phase at this calcination temperature. When
the sample was heat-treated at this temperature for only 6 h,
XRD patterns corresponding to NiO were not observed. This
observation indicates that the total decomposition to nickel
oxide could be accomplished at lower temperatures (270°C)
than that indicated by thermogravimetric analysis (350-380
°C), provided that a sufficient calcination time is allowed.

Figure 4 shows the XRD patterns of samples A3, B1.8,
and B11u, which were heat-treated for an additional 2 h at
450°C after initial heat treatment at 270°C for 17 h. In this
case, the diffraction patterns are identical to that shown in
Figure 3b, except that the diffraction patterns become much
sharper, indicating a product of much higher crystallinity.
Also interesting to note is that even at 11 mol % copper
doping, the diffraction pattern (Figure 4c) remains charac-
teristic of single-phase NiO, indicating the absence of CuO
or Al2O3 as second phases. From this study, the heat
treatment in air at 270°C for 17 h followed by 450°C for
2 h was established to form the desired copper-doped Al-
containing NiO crystal structure.

Catalyst Activation and Reactivity. When the carbonate
form of the Cu-Ni-Al HT-like compound is calcined at a
temperature above that necessary for complete destruction
of the layer structure, the neighboring nickel, copper, and
aluminum cations in the layer are redistributed. This redis-
tribution gives rise to a nickel oxide-rich phase in which
copper and aluminum oxides are dissolved. The XRD
patterns show that the activation under a reducing (H2)
environment of such a phase results in a uniform distribution
of copper and nickel on aluminum oxide support. No XRD
peaks corresponding to alumina have been observed. It is
believed that under the hydrogen reduction condition at 700
°C for 1.5 h, the long-range order of Al3+ cations may not
be accomplished. The activated catalysts are used in catalytic
decomposition of methane for simultaneous production of
hydrogen and carbon nanofibers. In this paper, only pre-
liminary results of catalytic conversion with activated
catalysts are presented. A more systematic investigation of
the simultaneous production of hydrogen and carbon nano-
fibers will be given in a separate paper.

To understand the reducibility of copper-doped nickel
oxide catalysts, samples A3, B3.5u, and B11u after calcina-
tion were subjected to TGA tests under hydrogen purge at
atmospheric pressure. For comparison, unsupported pristine
CuO was also tested under the identical conditions. The
results are shown in Figure 5. For the convenience of
discussion, the weight loss curves in Figure 5a are differenti-
ated with respect to temperature to result in corresponding
differential weight loss (DWL) curves as shown in Figure
5b. It should be noted that the weight loss of the samples up

Figure 3. X-ray patterns of nickel catalyst precursors containing 1.8 mol
% Cu: (a) as synthesized, and (b) after heat treatment at 270°C for 17 h.

Figure 4. X-ray diffraction patterns of calcined catalyst precursors heat-
treated at 450°C for 2 h after 17-h heat treatment at 270°C: (a) pristine
nickel, (b) doped with 1.8 mol % Cu, and (c) doped with 11 mol % Cu.
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to 100°C is a result of free water removal. For the A3 sample
of NiO containing 25 mol % Al, the weight loss during
reduction started at 400°C and ended at about 600°C (Figure
5a), exhibiting a broad DWL peak at 500°C. A weight loss
of unsupported pristine NiO between 300 and 500°C and a
peak at 430°C on DWL28 was reported as a result of NiO
reduction to metallic nickel. The similarity between our
thermal analysis results and those reported in the literature
suggests reduction of NiO to nickel. However, the temper-
ature at which the peak appeared on DWL is substantially
higher in our study than that for the reduction of unsupported
pristine NiO mentioned above, illustrating a greater difficulty
of NiO reduction in solid solution as in A3 catalyst than in
unsupported pristine NiO. Strong interactions between nickel
and aluminum ions in solid solution appear to cause a shift
to higher activation temperatures, as observed in our study.

For unsupported pristine CuO, the rapid weight loss started
at 200°C and ended at 275°C, with the peak of DWL at
about 230°C. This temperature range of reduction is much
lower than that for both unsupported pristine NiO28 and A3
sample, suggesting that CuO is reduced more readily than
NiO. This finding is important when interpreting the TGA
results for copper-doped nickel catalysts.

The reduction profile of 3.5 mol % copper-doped nickel-
aluminum samples (B3.5u) exhibits two distinct temperature
ranges of significant weight losses. The first weight loss
occurred between 200 and 220°C with the peak of DWL at

around 190°C. The weight loss here accounts for the
reduction of copper ions. The second weight loss started at
around 300°C and ended at around 550°C with the peak of
DWL at around 450°C. This weight loss is attributed to the
reduction of nickel ions. The 11 mol % copper-doped sample
(B11u) showed reduction profiles similar to those of sample
B3.5u, except that the weight loss profiles are shifted toward
lower temperature directions. A careful examination of Figure
5 led us to conclude that copper tends to be selectively
reduced at lower reduction temperatures and the presence
of copper lowers the reduction temperature of nickel. The
reduction of nickel ions at lower temperature in the present
of copper may be explained by considering the creation of
cation and anion vacancies after reduction of Cu2+. The
decrease of ionic interactions among surrounding nickel ions
due to creation of these vacancies allows nickel to be reduced
at lower temperatures. A similar effect has been utilized in
many metal catalysts for the purpose of reducing catalyst
activation temperatures.39

Figure 6 shows the effect of reaction temperature on
methane conversion for pristine- and copper-doped nickel
catalysts. The catalysts are activated at 700°C under a
mixture of hydrogen and nitrogen (at a 1:2 volumetric ratio)
environment for 90 min. From this figure, methane conver-
sion is seen to decrease with increasing copper concentration
in catalysts. This general trend is more prominent at reaction
temperatures between 500 and 700°C. At reaction temper-
atures below 500°C, the overall methane conversion is low
for all of the catalysts prepared. The SEM morphology study
showed that solid carbons formed at this temperature were
not fibrils. It is evident that the highest conversion (37%)
was obtained at a reaction temperature of 670°C using
catalysts doped with 1.8 mol % Cu. More importantly, under
such reaction conditions, the carbons formed are mostly
fibrils (Figure 7a), whereas using pristine nickel catalysts,
the carbons formed are plateaus (Figure 7b). The TEM
micrograph in the inset of Figure 7a shows a clear view of
carbon nanofibers after acid washing. These carbon nano-
fibers are of relatively uniform sizes. The width of the
nanofibers in the range of 35-40 nm normally represents
the grain size of the catalysts, observed at the end of carbon

(39) Khulbe, K. C.; Mann, R. S.Catal. ReV. Sci. Eng. 1982, 24, 311.

Figure 5. Reduction reaction profiles (a) and corresponding derivative
weight loss (b) of copper-nickel-aluminum oxides heat-treated at 450°C
for 2 h after 17-h heat treatment at 270°C and unsupported pristine copper
oxide.

Figure 6. Catalytic activity plot for methane decomposition as a function
of copper content and temperature of reaction.
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nanofibers in our TEM micrograph before acid washing (not
shown here). Moreover, these nanofibers are of straight
herringbone type, each with a catalyst particle located at its
free end. These observations suggest a growth mechanism
of carbon nanofibers on catalyst grains and emphasize a
means of controlling carbon nanofiber diameters by control-
ling the grain size of catalysts. This morphology is in great
contrast to octopus-like nanofibers attached to the same
metallic particle. The octopus-like nanofibers are produced
when polyhedral metal particles are formed during catalyst
activation.40

Reducing copper doping to 1 mol %, on the other hand,
caused a lower methane conversion but remained higher than
that of pristine nickel catalysts. More importantly, the carbons
formed under these conditions were plateaus rather than
fibrils. At a reaction temperature of 720°C, the methane
conversion increased only when catalysts B11 and B22 were
used. For catalysts A3 and B1.8, methane conversion at 720
°C was lower than that at 670°C. The results reported here
suggest that the best performance of the catalyst may be
obtained by doping the pristine nickel with∼2 mol % copper
with a methane conversion at 670°C.

It is well documented that copper is inactive in catalyzing
decomposition of methane to carbon and hydrogen.41 It
appears that the doping of a small amount of copper into
nickel catalysts reduces the rate of carbon formation by
reducing the rate of conversion. The reduction in surface
concentration of carbon on the catalyst promotes the carbon
diffusion into the nickel catalyst as opposed to the formation

of C-C bonding on the catalyst surface under the conditions
of high carbon surface concentration. The carbon diffusion
into the catalyst promotes carbon filament growth and, at
the same time, generates active surface sites for dehydro-
genation of subsequent methane molecules. As a result, a
small amount of copper doping in supported nickel catalysts
favors the formation of carbon nanofibers (Figure 7) and
increases the catalyst’s lifetime by minimizing rapid catalyst
deactivation. However, excessive copper doping of the
supported nickel catalysts will reduce the available active
sites for methane decomposition and hence overall conver-
sion. More systematic experiments are needed to fully
understand the role of copper doping in controlling simul-
taneous production of hydrogen and carbon nanofibers. The
kinetics of carbon formation has been studied on copper-
nickel single crystals and foils.22 A similar approach could
be applied to the study of supported copper-nickel catalysts
to establish a correlation between the copper content in the
doped catalysts and the rate of methane decomposition in
the context of carbon nanofiber formation. The study on this
aspect is currently underway.

Conclusions

The results described in this paper demonstrated the
synthesis of Cu-Al-doped nickel catalysts by coprecipitation
from a copper-nickel-aluminum nitrate solution, for the
simultaneous production of carbon nanofibers and hydrogen
from methane. Single-phase precipitates of the hydrotalcite-
like layer structure were obtained when synthesis was
performed with an aluminum mole fraction (xAl) of 0.25 and
a copper mole fraction (xCu) in the range of 0-0.22, balanced
with nickel. The size of the precipitates was found to be
greatly affected by precipitation pH. Low-temperature cal-
cination for a long period of time followed by heat treatment
at moderate temperatures for a short period time was found
to favor the formation of single-phase nickel oxide, a desired
product as catalyst precursors. A 1.8 mol % copper doping
was found to be optimal for methane conversion at 670°C
and carbon nanofiber formation. A further increase in copper
doping reduced methane conversion. The features of the solid
carbon formed depend on both the level of copper doping
and the methane conversion temperatures.
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Figure 7. SEM micrographs of: (a) carbon nanofibers on 1.8 mol % Cu-
doped Ni catalyst, and (b) plateaus of carbon on pristine Ni catalyst, both
formed at 670°C. The inset of (a) is a TEM micrograph magnifying carbon
nanofibers shown in (a).
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