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In the present work, hybrid NiAl-layered double hydroxide/carbon (LDH/C) compo-
sites with adjustable compositions were successfully assembled by crystallization of
LDH in combination with carbonization of glucose under hydrothermal conditions, and
further utilized as an integrated catalyst for the growth of carbon nanotubes (CNTs) in
catalytic chemical vapor deposition (CCVD) of acetylene. The materials were charac-
terized by X-ray diffraction, Fourier transform infrared, elemental analysis, thermogra-
vimetric and differential thermal analysis, SEM, transmission electron microscopy, X-
ray photoelectron spectra, and Raman spectroscopy. The results revealed that the sup-
ported Ni nanoparticles with the small crystallite size of about 10 nm could be
obtained by in situ self-reduction of as-assembled hybrid LDH/C composites in the
course of CCVD. The carbon in the hybrid structure as a reducing agent played a key
role for the high dispersion of resulting Ni nanoparticles. Furthermore, the Ni nano-
particles obtained here exhibited excellent activity for catalytic growth of CNTs, which
could be delicately tuned by varying the compositions of hybrid composites. © 2010
American Institute of Chemical Engineers AIChE J, 56: 2934-2945, 2010
Keywords: hybrid composite, layered double hydroxide, carbon, carbon nanotubes,

catalysis

Introduction

Layered double  hydroxides (LDHs, [M3T M}*
(OH),]""[A,/,]""-mH,0) belong to a family of anionic clay
materials with [Mg(OH),] brucite-like layered structure.!
The divalent metal cations can be partially substituted by tri-
valent ones within the layers of LDHs to give a positively
charged layer balanced by the intercalation of anions in the
interlayer regions,l‘3 thus giving rise to uniform distribution
and ordered prearrangement of metal cations in the layers.
Owing to the tunable composition of metal cations in the
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layers and flexible exchangeability of interlayer anions,
LDHs have a large number of potential applications in a va-
riety of fields used as catalysts, adsorbents, additives in poly-
mers, and precursors to functional materials.*® Among vari-
ous catalysis applications, a prevailing class of catalyst con-
stitutes well-dispersed, catalytically active supported metal
nanoparticles, which can be obtained by reducing calcined
LDHs containing desired metals either in the form of metal
cations on the layers or in the form of metal complexes in
the interlayers.m*12 This kind of structural transformation
endows LDH materials with excellent capability in various
metal-catalyzed reactions. 13-17

It is known that there are three well-established synthesis
techniques for carbon nanotubes (CNTs), that is, arc dis-
charge, laser ablation, and catalytic chemical vapor deposi-
tion (CCVD)."*?° Among them, CCVD technique shows the
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Scheme 1. Hydrothermal assembly of LDH/C nano-
composites.

greatest potential for economically feasible, large-scale syn-
thesis based upon high yields and reproducibility. The for-
mation of CNTs by CCVD routes occurs through the cata-
lytic decomposition of a carbonaceous gas on nanometric
metal particles, which are typically transition metals (iron,
nickel, cobalt, and their alloys).zl_23 The most common way
for obtaining metal nanoparticles is to load active component
precursors or metal nanoparticles onto various supports with
high-surface area to disperse and stabilize metallic particles,
such as oxides or zeolites.”*° It is reported that the forma-
tion of large nanoparticle agglomerates of catalyst is neces-
sary for scalable synthesis of CNTs in a fluidized-bed
CCVD process providing optimal gas—solid mixing, heat and
mass transfer.”>?’ To ensure good fluidization, alumina,
silica, and zeolite are commonly used as catalyst supports
because they are inert at high temperatures. Although the
supported catalysts may be fragmented by the mechanical
stress in the fluidized-bed reactor, the resulting subagglomer-
ates of catalysts can expand into large agglomerates com-
bined with CNTs formed in the CCVD process.”® On the
other side, the synthesis parameters for catalysts, such as
compositions, loading amounts, and loading ways of cata-
lysts have significant effects on the microstructures and the
shapes of obtained carbon nanostructures.>* " Recently, the
catalytic growth of carbon nanostructures has been achieved
using LDH-derived catalysts via CCVD.**™® Our work has
also verified that highly active cobalt-based supported nano-
particles capable of catalyzing the growth of CNTs could be
produced by calcination of LDH precursor and subsequent
reduction,”’40 and found that the obtained CNTs have con-
siderable yields and relatively thin diameters owing to high
loadings and good dispersion of active species. When com-
pared with other metal-supported catalysts, LDH materials as
catalyst precursors have two advantages for growth of car-
bon nanostructures: (i) Active components with adjustable
content can be uniformly integrated into the LDH structure,
owing to the ordered prearrangement of divalent and triva-
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lent cations at an atomic level in precursor; (ii) metal nano-
particles with tunable particle size can be formed by the
reduction of calcined LDH materials in a controllable man-
ner. However, in the earlier cases, the whole growth process
of CNTs involved calcination of LDH precursors, reduction
of calcined product under the reducing atmosphere (usually
H,), and catalytic growth of CNTs, which unambiguously
increases the complexity of production and is of time- and
energy-consuming.

In our previous work, we reported the formation of meso-
porous-mixed metal oxides with high-surface area and nar-
row pore size distribution through two stages of assembly of
hybrid NiAl-LDH/carbon composite and successive calcina-
tion.*" The NiAl-LDH/carbon composite was formed by
crystallization of NiAl-LDH and simultaneous carbonization
of glucose under hydrothermal conditions, and then meso-
pores were produced due to the removal of carbon template
through calcining the composite in air. Based on the idea
that the carbon in the composite may be expected as a
reducing agent, probably leading to in situ reduction of
metal anions upon heating in the absence of H,, in this con-
tribution, we have extended to the controlled formation of
supported Ni nanoparticles during the CCVD by fabricating
hybrid NiAl-LDH/C composite, in our prospects to make
hybrid composite an alternative candidate for active sup-
ported Ni nanoparticles with high metal loading to effec-
tively catalyze the growth of CNTs. To our best knowledge,
detailed studies of supported Ni nanoparticles dispersed and
stabilized into alumina and carbon support matrix based on
in situ self-reduction of hybrid composites for the growth of
CNTs have not been reported before. Moreover, this strategy
provides a simplified production of CNTs at low cost. It is
expected that similar to other supported catalysts easy to flu-
idize, the as-synthesized supported Ni catalyst should be
suitable in a fluidized-bed reactor for practical production of
CNTs.

Experimental
Assembly of LDH/C composites

The assembly of LDH/C composites was schematically
shown in Scheme 1. In a typical run, Ni(NOj3),-6H,O and
AI(NO3)3-9H,0O were dissolved in deionized water to form a
clear salt solution ([Ni*"] = 0.3 M and [AI’T] = 0.1 M).
NaOH and Na,CO; were dissolved in deionized water to
form an alkali solution (OH™] = 1.6[Ni*" + AI**] and
[CO%f] = 2[Al3+]). The above solutions were rapidly mixed
in a colloid mill within several minutes. The resulting sus-
pension was centrifuged, washed, and redispersed in deion-
ized water for five cycles to obtain LDH precipitate. Glucose
(analytical grade) was dissolved in deionized water to form
a solution with a given molar ratio to total cations. The
LDH precipitate was dispersed in the glucose solution, and
then was transferred into an autoclave and maintained at
423 K for 10 h. The product was centrifuged and washed
with deionized water and ethanol for five times, respectively.
Finally, the precipitate was oven-dried at 343 K for § h to
obtain NiAl-LDH/C composite. The samples were denoted
as NA-C1, NA-C2.5, and NA-CS5, in which the number
denoted the molar ratio of glucose to starting total cations.
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Figure 1. XRD patterns of (a) NA, (b) NA-C1, (c) NA-
C2.5, and (d) NA-C5 composites.

The pure NiAl-LDH sample was synthesized in a similar
process only with no addition of glucose upon hydrothermal
crystallization (denoted as NA).

Formation of Ni nanoparticles

The composite samples were loaded into alumina boat and
calcined in a tube furnace in a flowing N, atmosphere. The
furnace was heated to a preset temperature at a rate of 5 K/
min and maintained for 1 h. After reaction, the furnace was
naturally cooled down to room temperature. Black powder
was collected from alumina boat.

Catalytic growth of CNTs

The growth of CNTs was carried out in a tube furnace by
chemical vapor deposition of acetylene (C,H,). Usually,
tube-furnace reactor is suitable for a foundational experimen-
tal research, not for large-scale manufacturing, due to mass
transfer limitation between carbonaceous gas and solid cata-
lyst, limited amount of catalyst used and noncontinuous
operation of tube furnace. In a typical synthesis of CNTs,
LDH/C composite powder (0.30 g) was loaded into an alu-
mina boat and placed in the middle of quartz tube inside the
tube furnace. The furnace was ramped to 973 K at a rate of
5 K/min under N, flow (60 ml/min). The mixture gas of N,/
C,H, (flow rate 10:1) was passed through after the furnace
was held at 973 K for 1 h. The furnace was powered off af-
ter 1 h and naturally cooled down to room temperature.
Finally, black product was collected from alumina boat. The
samples were denoted as NA-CI1-CNT, NA-C2.5-CNT, and
NA-C5-CNT. The yield of carbon materials obtained was
calculated as follows: yield (%) = (mass of carbon deposited
onto the catalyst/mass of the reduced composite at 973 K) x
100. Also, the representative NA-C2.5-CNT was treated in a
nitric acid solution of 6 M at 353 K for 8 h. The product
was thoroughly washed by deionized water till neutral pH
and then dried in an oven at 333 K overnight.
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Characterization

Powder X-ray diffraction (XRD) patterns of the samples
were collected using a Shimadzu XRD-6000 diffractometer
(conditions: 40 kV, 30 mA, graphite-filtered CuKa radiation,
and A = 0.15418 nm).

Room-temperature Fourier transform infrared (FTIR) spec-
tra were recorded on a Bruker Vector-22 Fourier transform
spectrometer over the wavelength range 4000—400 cm ™'
with a resolution of 2 cm™'. The samples were prepared by
KBr pellet method.

Elemental analyses (C and H content) were carried out
using an elemental analyzer (Elementarvario EL) with an
instrumental sensitivity of 0.3%.

Thermogravimetric and differential thermal analysis (TG-
DTA) were carried out using a Perkin-Elmer Diamond ther-
mal analysis system under flowing nitrogen at the ramping
rate of 10 K/min.

The microstructure of product was observed by Hitachi H-
800 transmission electron microscopy (TEM, accelerating
voltage of 200 kV) and high-resolution transmission electron
microscopy (HRTEM, JEOL2010, 200 kV). Before TEM
observations, small amount of sample was ultrasonically dis-
persed in ethanol to obtain a suspension, and a drop of the
resulting suspension was deposited on a carbon-coated fine-
mesh Cu grid followed by the evaporation of solvent in air.

The specific surface area measurements were carried out
using a BET method from N,-sorption at 77 K on a static
volumetric Quantachrome Autosorb-1C-VP Analyzer. For
accuracy, the measurement for each sample was repeated
thrice. Before the measurements, samples were degassed at
473 K for a period of 4 h.

X-ray photoelectron spectra (XPS) was recorded on a
Thermo VG ESCALAB250 X-ray photoelectron spectrome-
ter at a base pressure of 2 x 1077 Pa using Al Ko X-ray as
the excitation source (1486.6 eV).

The Raman spectra were collected at room temperature
using a Jobin Yvon Horiba HR800 Raman spectrometer. The
excitation source comes from a laser of 532 nm wavelength.

Results and Discussion
Characterization of hybrid LDH/C composites

XRD patterns of LDH and hybrid LDH/C composites
were shown in Figure 1. The pattern of NA sample (Figure
la) presents the characteristic (003), (006), (110), and (113)
reflections, corresponding to layered hydrotalcite-like com-
pounds.2 The intensive reflections reveal highly crystalline
nature of product. In comparison, the patterns of composites
show a broadening feature of reflections, although the reflec-
tions appear in the same positions as those of NA. It is noted
that the reflection intensity of LDH greatly weakens (indi-
cated by the scale) and the structural integrity of LDH phase
decreases with increasing molar ratio of starting glucose to
cations (Figures 1b—d). Further, the structural integrity of
LDH phase in the composite, which is defined as the crystal-
line nature of LDH phase, may be quantified by the ratio of
reflection (003) full width at half maximum (FWHM) of
pure LDH sample to that of LDH phase in composites (Ta-
ble 2). The smaller is the ratio, the lower is the structural in-
tegrity of LDH phase. However, it is difficult to accurately
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Table 1. Comparison on Structural Parameters of NA and

NA-C2.5
Sample

Parameters NA NA-C2.5
d(003)/nm 0.7683 0.8096
d(006)/nm 0.3851 0.3948
d(110)/nm 0.1518 0.1530
Lattice parameter,* a/nm 0.3036 0.3060
Lattice parameter, c/nm 2.3049 2.4288
Crystallite size' in @ direction (D;0)/nm 30 13
Crystallite size in ¢ direction (Dg3)/nm 17 3.5

*a = 2d(110), ¢ = 3d(003).
Crystallite sizes calculated by Scherer’s formula.

calculate the structural integrity of LDH in NA-C5 sample
due to the severe broadening of the reflection. The afore-
mentioned results can be attributed to the diluent effect of
resultant carbon in the composite materials. Furthermore, it
is found that no reflections related to graphite or other forms
of carbon appeared in the pattern, indicative of the presence
of carbon in noncrystalline form in the composite. It is well-
documented that the aromatization and carbonization of glu-
cose can take place under the present hydrothermal condi-
tions.*? As a result, the resultant carbon was assembled with
LDH crystallites forming simultaneously through the crystal-
lization of LDH nuclei, leading finally to the formation of
hybrid LDH/C composites. The detailed structural parame-
ters of NA and NA-C2.5 were listed in Table 1. It can be
seen that the dyo3) value for NA-C2.5 (0.8096 nm) is larger
than that for NA (0.7683 nm) with interlayer carbonate
anions. The expansion of d(y3) spacing suggests that some
organic species from the initial aromatization of glucose are
likely intercalated into the interlayer of LDH. According to
Scherrer’s formula, the crystallite sizes in ¢ and a directions
(Dooz and Dq¢) decreased from 17-30 nm for sample NA to
3.5-13 nm for NA-C2.5 sample, respectively. The remark-
able decrease in crystallite size of LDH can be attributed to
the confined effect of carbon on the growth of LDH crystal-
lites during the hydrothermal assembly.

Figure 2 shows FTIR spectra of LDH and LDH/C compo-
sites in the region between 4000 cm™' and 500 cm™'. For
NA sample (Figure 2a), a broad absorption band at 3600—
3350 cm ' can be assigned to the O—H stretching vibration
(vo—n) of hydroxyl groups within brucite-like layers and
intercalated water molecules. The absorption at 1643 cm ™'
originates from the O—H bending vibration (do—pg) of
hydroxyl groups. The other absorption bands peaked at 1369
cm ! and 743 cm ™! correspond to the symmetric stretching
vibration (vc—p) and bending vibration (0c—g) of CO%‘,
respectively, arising from the intercalated carbonate ion
within LDH.** For LDH/C composites (Figures 2b—d), the
absorptions associated to both LDH and carbon can be
detected. In addition to the absorptions associated to LDH
(vo—p and vc—p), the newly appeared band at 1612 cm !
results from the C=C asymmetric stretching vibration
(ve—c) of carbon.** The weak absorption within the range of
1000-1100 cm™"' is attributable to C—OH stretching and
O—H bending vibrations, indicative of the presence of
hydroxyl groups associated with carbon. Although the vibra-
tions assigned to —OH and CO%f of LDH itself are retained,
the intensities of vibrations remarkably weaken in the com-
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Figure 2. FTIR spectra of (a) NA, (b) NA-C1, (c) NA-
C2.5, and (d) NA-C5 composites.

posites because of the hybrid characteristic of the composite.
It can be seen that the intensity ratio of vc_c t0 vc—o
increases from NA-C1 to NA-C5 (Figures 2b—d), proving an
increasing amount of carbon in the composite. Furthermore,
elemental analyses determine the content of carbon and
hydrogen in pure LDH and LDH/C composites, indicative of
the carbon-rich characteristic of the composite and the
increasing carbon content from NA-C1 to NA-C5 (Table 2).
The morphology of LDH and LDH/C composites was
examined and compared by microscope observation. SEM
image of NA shows platelet-like particles with lateral dimen-
sion ranging from 80 to 120 nm (Figure 3a). Most of the
particles present hexagonal external shape, which is a com-
mon feature of well-crystallized LDH materials. In compari-
son, the composites display distinctly different morphology
from LDH (Figures 3b—d). A hybrid structure is presented in
these samples instead of well-crystallized platelet-like LDH
particles. It is difficult to distinguish the exact shape and
size of LDH particles because of the interwoven characteris-
tic of LDH and amorphous carbon. Further, TEM photo-
graph clearly shows that NA possesses platelet feature and
large width-to-thickness ratio, confirming the two-dimen-
sional crystallography of LDH itself (Figure 4a). However,
the composite in the case of NA-C2.5 presents a highly
hybridized feature, as shown in Figure 4b. No platelet-like
crystallites were observed in the composite. The NA-C1 and
NA-C5 samples display an identical morphology to that of
NA-C2.5 (not shown). The aforementioned results clearly
indicate that the hydrothermal assembly involving the

Table 2. Elemental Analyses and Structural Integrity of
LDH/C Composites and LDH

Sample C (wt %) H (wt %) Ratio*
NA 2.606 3.275 1.0
NA-C1 20.82 4.783 0.2037
NA-C2.5 37.27 4.735 0.2028
NA-C5 49.96 5.856 -

*The ratio of reflection (003) FWHM of pure LDH sample to that of LDH in
composites.
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Figure 3. SEM images of (a) NA, (b) NA-C1, (c) NA-C2.5, and (d) NA-C5 composites.

crystallization of LDH and carbonization of glucose leads to
an interwoven hybrid structure consisting of LDH particles
and noncrystalline carbon. It is expected that such a hybrid
could prevent the particles from agglomerating upon thermal
conversion of LDH phase.

The thermal behavior of LDH (NA) and composite (NA-
C2.5) is studied under an inert atmosphere by TG-DTA. It is
known that the weight loss events essentially occur in two
stages for LDH, which are accompanied with two endother-
mic peaks.” The first one is assigned to the removal of
adsorbed water on the outer surface of crystallites and
hydrate molecules in the interlayer, corresponding to an
endothermic peak at 498 K (Figure 5a). The second one
involves both dehydroxylation of the layers and the loss of
intercalated CO3~, showing an endothermic effect peaked at
622 K. The slight weight loss after 673 K is ascribed to the

Shitve, ¢
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removal of strongly bonded hydroxyl groups onto brucite-
like LDH layers. In contrast, the NA-C2.5 sample shows a
distinguished thermal behavior (Figure 5b). The first endo-
thermic effect with a maximum at 465 K is ascribed to the
elimination of physisorbed and intercalated water molecules
in LDH. The negative shift of endothermic peak (ca. 33 K)
could owe to the decreasing ratio of LDH in the composite.
The second one peaked at 654 K originates from dehydroxy-
lation and decarbonate of LDH and as well the removal of
hydroxyl groups associated with carbon, which is 32 K
higher than that of NA. The shift to higher temperature is
possibly due to the interaction between hybridized carbon
and LDH, leading to stronger bondage of thermally volatile
species within LDH. The weight loss event from 723 to 973
K involves multiendothermic peaks, which can be attribut-
able to the stepwise reduction of Ni** cations by carbon.

Figure 4. TEM photographs of (a) NA and (b) NA-C2.5 composite.

November 2010 Vol. 56, No. 11 AIChE Journal



100
=
% g
=
< I
<
=
.20 80
]
= o
=
70 s
60 498 622 -
1 1 1 1
400 500 600 700 800 900
Temperature (K)
=
P
= )
< |
-
=
&0
£ |
=
=1
=
a
S
1 1 1 i 1 1 1

400 500 600 700 800 900
Temperature (K)

Figure 5. TG-DTA curves of (a) NA and (b) NA-C2.5
composite under N, atmosphere.

The multipeaks indicate that the reduction reactions occur
covering a broad range of temperature.

Structure of supported Ni nanoparticles

To obtain supported Ni nanoparticles, the LDH/C compos-
ite was treated under different temperature in flowing N,
atmosphere. In the case of NA-C2.5, XRD pattern of cal-
cined products at 773 K shows the dominant NiO phase and
no detectable Ni phase (Figure 6a). On elevating temperature
to 873 K, the main contribution of reflections arises from
metallic Ni (Figure 6b), which can be indexed to fcc Ni
phase (JCPDS No. 87-0712). NiO phase can also be detected
in this pattern although the intensities are greatly decreased
compared with those in Figure 6a. This indicates that phase
transformation from NiO to Ni apparently occurs at the tem-
perature owing to the reduction of NiO. The pattern in Fig-
ure 6¢ shows only fcc Ni phase upon further increasing tem-
perature to 973 K, and the reflections corresponding to NiO
phase do not appear. It is well-known that upon calcination
at appropriate intermediate temperatures (723-873 K) under
air or under an inert atmosphere, LDH loses the pristine-lay-
ered structure and transforms into the corresponding poorly
crystallized mixed metal oxides with large specific surface
areas and homogeneous dispersion of the metal components
at an atomic level, which are suitably used as catalysts or
catalyst supports.”’ However, calcination above 1023 K is
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known to give a large amount of spinel-type complex metal
oxides with decreased specific surface areas.*> Therefore,
calcination temperature has a marked effect on the textural
feature and composition of the resulting materials. Neverthe-
less, NA-C2.5 composite treated in N, atmosphere results in
metallic Ni phase. This suggests that the resulting metal
oxides from thermal decomposition of LDH can be reduced
into metal under appropriate conditions. Because no reducing
atmosphere is additionally introduced into the reaction sys-
tem, carbon in the composite plays a role of reducing agent,
leading to in situ reduction of Ni** cations. The main reduc-
tion reactions occurred can be expressed as follows:

NiO + C(s) — Ni + CO(g) )
NiO + CO(g) — Ni + COs(g) )

The calcined product at 973 K contained no detectable
NiO phase, indicative of the complete reduction from NiO to
metallic Ni. Additionally, the patterns of products by calci-
nation of NA-Cl and NA-C5 under identical conditions
show that only Ni is XRD-detectable phase (Figures 6d, e)
similar to that of Figure 6c. This suggests that the reduction
reaction can take place in a wide range of carbon content.
On heating, LDH is transformed into mixed oxides (crystal-
line NiO and amorphous alumina). Simultaneously, the car-
bon around NiO phase can act as a reducing agent, leading
to in situ self-reduction of NiO to metallic Ni. Correspond-
ingly, the reduced Ni particles are exposed due to the deple-
tion of the surrounding carbon. After reduction, the residual
carbon as one of support or dispersing matrices can prevent
Ni particles from agglomeration. The higher carbon content
in composites results in more residual carbon, thus giving
rise to a better dispersion of the reduced Ni particles. In this
case, the carbon deposition on Ni particles does not remark-
ably take place. The estimated crystallite size (D) of Ni

—_
-
e
—
—
o=
z

Relative intensity (a.u.)

20 30 40 50 60 70 80
20 (degree)

Figure 6. XRD patterns of products obtained from NA-
C2.5 calcined at (a) 773 K, (b) 873 K, (c) 973
K, and products from (d) NA-C1 and (e) NA-
C5 calcined at 973 K.
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Table 3. Crystallite Sizes (D;;;)* of Ni for the Composite
Reduced at 973 K

Sample Miller Index (hkl) Dj/nm
NA-C1 111 7.0
200 7.5
NA-C2.5 111 9.5
200 9.7
NA-C5 111 10.1
200 10.4

*Crystallite sizes calculated by Scherer’s formula.

based on Scherrer’s formula is 7.0, 9.5, and 10.1 nm for
products from NA-C1, NA-C2.5, and NA-CS5, respectively,
and the crystallite size (D,oo) of Ni presents the same tend-
ency with carbon content (Table 3). The estimated crystallite
size of Ni particles slightly increases with the carbon con-
tent. This is because that the resultant NiO can be reduced
more easily upon the presence of more surrounding carbon,
thus slightly larger Ni particles can be formed. However, the
calculated sizes of Ni particles for NA-C2.5 (9.5 nm) and
NA-C5 (10.1 nm) have a minor difference. This suggests
that the Ni particle size is less affected by carbon content in
the presence of excessive carbon.

The dispersion state of reduced Ni particles was character-
ized by TEM observations. Figures 7a—c exhibit TEM photo-
graphs of Ni nanoparticles produced from NA-C1, NA-C2.5,
and NA-C5 calcined at 973 K. On less carbon content, slight
aggregates occasionally appear and the reduced Ni particles
remain small sizes of about 8—10 nm. The Ni nanoparticles

(dark contrast) show excellent dispersion in amorphous alu-
mina and carbon matrix with increasing carbon (Figure 7b).
The matrix is more clearly presented in Figure 7c, in which
Ni nanoparticles still remain high dispersion. The BET spe-
cific surface area of reduced products is 98 + 4 for NA-CI,
151 4+ 4 for NA-C2.5, and 202 + 6 m* g ' for NA-C5,
which shows an increasing tendency with carbon content.
The higher carbon content in the composites leads to higher
BET specific surface area owing to larger pore volume
evolved during the depletion of carbon. HRTEM image, in
the case of Ni nanoparticles from NA-C2.5, clearly shows
lattice fringes corresponding to plane (111) of fcc Ni with a
d-spacing of 0.204 nm (Figure 7d). It is interestingly noted
that the image presents two adjacent particles, indicating that
the neighboring growth may take place during the formation
of Ni crystallites due to large amount of Ni. Additionally,
well-graphitized layers (or shells) and lattice fringes are not
observed in the surroundings of Ni nanoparticles, suggestive
of the nature of amorphous alumina and/or disordered carbon
residue. This is well-consistent with the XRD results (Figure
6¢). The aforementioned structural characterization of mate-
rials reveals that highly dispersed Ni nanoparticles with ho-
mogeneous size can be produced via the self-reduction of
LDH/C nanocomposites on the basis of a highly hybridized
structure of small LDH crystallites and carbon. It is gener-
ally believed that high dispersion of metal nanoparticles is
critical in achieving excellent performance. Correspondingly,
as-synthesized supported Ni catalysts should exhibit good
catalytic property for the growth of CNTs.

5%11

Figure 7. TEM photographs of supported Ni catalysts produced at 973 K from (a) NA-C1, (b) NA-C2.5, and (c) NA-
C5, and (d) HRTEM image of Ni nanoparticles from NA-C2.5.
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Figure 8. XRD patterns of (a) NA-C1-CNT, (b) NA-C2.5-
CNT, and (c) NA-C5-CNT.

Catalytic growth of CNTs

The growth of CNTs was carried out by CVD of acetylene
for evaluating the catalytic performance of supported Ni
nanoparticles. Herein, CNTs were directly grown over LDH/
C composite via an integrated process, which involves no
separate calcination and reduction steps. Figure 8 shows
XRD patterns of CNTs over NA-C1, NA-C2.5, and NA-CS.
The reflection at about 26.2° can be assigned to that of
graphite (002), suggestive of the formation of graphite phase
in all the three samples. The d-spacing values of graphite
(002) are 0.339-0.342 nm for three samples, larger than that
for the graphite one (0.3354 nm). This indicates that the
structural distortion took place during the curling and stack-
ing of graphene layers.*® The other two reflections at 4.6°
and 51.9° can be indexed to fcc Ni (111) and (200), respec-
tively (JCPDS No. 87-0712). In addition, no reflections
related to metal oxides or spinels were detected, indicating
that no other crystalline phases exist in the product. Accord-
ing to Scherrer’s formula, the crystallite size D111y is esti-
mated to be 14.5 nm, 12.5 nm, and 14.6 nm for NA-Cl1-
CNT, NA-C2.5-CNT, and NA-C5-CNT, respectively. There
is a minor difference among the crystallite sizes. This indi-
cates that agglomeration of Ni crystallites hardly takes place
during the deposition of carbonaceous gas, proving the high
dispersion and stabilization of Ni particles. It is noted that
the relative intensity of Iniq11//coo2y for NA-CI-CNT is
higher than those for NA-C2.5-CNT and NA-C5-CNT. This
suggests that the NA-C1-CNT contains less-graphitized com-
ponent due to the relationship between relative intensity and
phase compositions.

The morphology and microstructure of the products were
characterized by TEM. The hollow tubular nanostructures
can be observed confirming the formation of nanotubes. The
nanotubes have diameters in the range of about 10-18 nm
for the three samples (Figure 9). Three is a minor difference
in diameters of CNTs among the three samples because of
similar sizes of reduced Ni nanoparticles. It is worth noting
that few large-sized particles are observed, suggestive of the
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absence of oxide or spinel residues, as confirmed by XRD.
For NA-C1-CNT, HRTEM observation reveals that the
CNTs have the characteristic of multiwalled nanotubes (Fig-
ure 9d). The intershell distance of nanotubes (~0.340 nm) is
slightly larger than that of graphitic (002). The defects and
imperfectly graphitized layers exist within the side-walls and
the interior of nanotubes (pointed by arrows), suggestive of
the disordered stacking or distortion of graphene layers
occurred during the decomposition and deposition of carbo-
naceous gas. The amorphous coatings can also be found out-
side the nanotube, typically highlighted by straight lines.
NA-C2.5-CNT presents relatively straight tubular morphol-
ogy (Figure 9b), whereas NA-C5-CNT shows a lot of kinked
nanotubes, thus resulting in intertwisted morphology (Figure
9c). The nanotubes in NA-C2.5-CNT have a wall thickness
of about 2.7 nm and interlayer spacing (0.339 nm) (Figure
9¢). The NA-C5-CNT shows a similar wall thickness and
interlayer spacing (Figure 9f). Furthermore, most of the
nanotubes present a hollow channel and head without
entrapped metal particles. This reveals that a base-growth
mode of nanotubes is dominant owing to strong interaction
between active metal particles and support.21 This suggests
that after purification, the Ni nanoparticles on support can be
removed more easily than those encapsulated within the
nanotubes via a tip-growth mode. TEM observations of puri-
fied NA-C2.5-CNT product (see Supporting Information Fig-
ure S1) verify that most of metal impurities have been elimi-
nated, and almost every nanotube shows hollow channel and
head. It confirms that high-purity CNTs have been obtained
after purification.

In addition, the calculated yield of carbon materials over
NA-C1, NA-C2.5, and NA-C5 is about 321, 776, and
1029%, respectively, presenting an increasing tendency in
carbon yield. This is due to the improved dispersion of
reduced Ni nanoparticles with carbon content in LDH/C
composites, leading to the enhanced catalytic activity. Fur-
thermore, the increasing BET surface area of catalysts with
the carbon content can facilitate the production of CNTs.
According to thermogravimetric curves (see Supporting In-
formation Figure S2), the weight loss of products in the
range of 473-673 K comes from the removal of amorphous
carbon because of its lower activation energy for oxidation.*’
Correspondingly, the weight percentage of amorphous car-
bon in products is no more than 1.3%. Consequently, the
nanotube structure is definitely dominant in all products.
Additionally, to investigate the reproducibility of catalyst
preparation and CNT synthesis, the supported Ni catalysts
were repeatedly synthesized under identical conditions for
several times and further used for the growth of CNTs. It is
found that the diameters and distributions of CNTs obtained
using fresh catalysts keep almost the same by TEM observa-
tion, and the yields of carbon materials have a deviation
within about 5% indicating that both catalyst manufacture
and CNT syntheses are well-reproducible.

On the other side, we carried out the growth of CNTs
over pure NiAl-LDH sample. It is found from TEM photo-
graphs (see Supporting Information Figure S3) that only a
few amounts of nanotubes can be observed, and the obtained
carbon material is mainly composed of stacked carbon seg-
ments. Moreover, some catalyst particles were encapsulated
by carbon deposition from thermolysis of C,H,. This could
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Figure 9. TEM photographs of (a) NA-C1-CNT, (b) NA-C2.5-CNT, (c) NA-C5-CNT and HRTEM images of (d) NA-C1-
CNT, showing characteristic of multiwalled nanotube, (e) NA-C2.5-CNT, presenting the wall thickness of
about 2.7 nm, and (f) NA-C5-CNT, displaying hollow body and head and the same wall thickness as that

of NA-C2.5-CNT.

be due to the formation of large and nonuniform Ni particles
(15-30 nm) during CVD process. The results further reveal
that there is a great improvement on the growth of high-
quality CNTs over LDH/C composites compared with pure
NiAl-LDH sample.

The surface characteristic of synthesized carbon materials
was studied by XPS technique. The shift of all binding ener-
gies was corrected using the Cls core level at 284.6 eV as
an internal standard. All spectra have been fitted into a dom-
inant peak of sp” carbon of graphite (284.6 + 0.2 eV) and
three peaks centered at 285.6 £+ 0.2, 287.5 £ 0.2, and 289.7
£ 0.2 eV (Figure 10). The peak at 284.6 eV is assigned to
the graphitic carbon and the one at 285.6 eV is attributed to
sp> carbon or defects of nanotubes.*®** The peaks at higher-
binding energies of 287.5 and 289.7 eV can be assigned as
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>C=0 and —COO species, respectively.’® The peak inten-
sity was calculated based on the area of each peak in per-
centage of total Cls area. The peak intensity assigned to
graphite and defect can be used to estimate the graphitiza-
tion or disorder of CNTs in the three samples. It is noted
that the intensity of graphite is lowest and the one of defect
is highest for NA-C1-CNT (Table 4). This suggests that the
sample has lower degree of graphitization or more defects
than the other two samples. The NA-C2.5-CNT and NA-C5-
CNT have close intensity values for the two peaks, which
indicate that they possess nearly equivalent graphitization or
quantity of defects on the surface of CNTs.

Raman spectroscopy was used to characterize the micro-
structural nature of carbon materials. Two vibration bands at
about 1340-1345 and 15901596 cm ™' are ascribed to the D
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Figure 10. Deconvoluted C1s core level spectra of (a)
NA-C1-CNT, (b) NA-C2.5-CNT, and (c) NA-
C5-CNT.

and G band of the graphitized CNTs, respectively, for all three
samples (Figure 11). The D band originates from the structural
disorder within the nanotubes or the amorphous carbon. The
G band is associated with the vibration of sp*-hybridized car-
bon atoms in a two-dimensional hexagon lattice, indicative of
the formation of ordered graphene layers.51 Usually, the ratio
(Ip/lg) is used for evaluating the stack ordering of graphene
layers within CNTs.>* The larger Ip/Ig is, the lower degree of
graphitization is. It can be estimated from the spectra that the
I/l value is 1.04, 0.92, and 0.88 for NA-C1-CNT, NA-C2.5-
CNT, and NA-C5-CNT, respectively. The errors of Ip/lg
value for these samples are shown in the inset of Figure 11
based on 10 Raman spectrum spots. It is noted that the NA-
CI1-CNT shows the lowest degree of graphitization, that is,
more defects or structural disorder than the other two samples.
The close Ip/lg values for NA-C2.5-CNT and NA-C5-CNT
are attributed to the similar structure of nanotubes, such as
diameters and wall thickness. The overall microstructure of
CNTs is slightly improved in the NA-C5-CNT according to
Ip/l value, indicative of a positive effect of more carbon resi-
due on the structural ordering of as-grown CNTs. The results
are consistent with those evidenced by XPS.

Relative intensity (a.u.)

500 1000 1500 2000
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Figure 11. Raman spectra of (a) NA-C1-CNT, (b) NA-
C2.5-CNT, and (c) NA-C5-CNT (Inset shows
the values of Ip/Ig for three samples).

As a result, the yield of CNTs presents an increasing tend-
ency with carbon content in LDH/C composites, and the
quality of CNTs is slightly improved from NA-C2.5-CNT to
NA-C5-CNT. Therefore, it is expected that high-quality
CNTs having higher yields can be synthesized using optimal
carbon contents in LDH/C composites. The further detailed
investigation needs to be carried out.

Conclusions

The NiAl-LDH/C composites with adjustable carbon con-
tent were assembled via crystallization of LDH in combina-
tion with hydrothermal carbonization of glucose. The con-
trolled conversion of the composites under an inert atmos-
phere resulted in highly dispersive supported Ni
nanoparticles with the average size of about 10 nm, owing
to the hybrid characteristic of LDH/C composites and reduc-
ing ability of carbon component in the composites. The
degree of reduction for metallic Ni significantly depended on
reduction temperature. The sizes of reduced Ni nanoparticles
increased slightly with the carbon content in the composite.
Furthermore, LDH/C composites exhibited excellent catalytic
performance for growth of multiwalled CNTs via an inte-
grated process. The structural ordering of as-prepared CNTs
can be delicately tuned by adjusting the carbon content in
the LDH/C composites. More importantly, due to the tuna-
bility of cations within LDH layers, it is expected that the
synthesis strategy reported here can be flexibly extended to
fabricate a variety of supported metal nanoparticle catalysts
with interesting catalytic properties based on a facile and

Table 4. Binding Energy and Peak Intensity of Deconvoluted Cls Core Level for CNTs

Binding Energy (eV)

Peak Intensity (%)

Sample Graphite Defect >C=0 —COO Graphite* Defect
NA-CI-CNT 284.6 285.6 287.5 289.9 60.7 24.8
NA-C2.5-CNT 284.6 285.7 287.5 289.7 69.8 17.8
NA-C5-CNT 284.6 285.8 287.6 289.8 70.5 16.9
*Intensity of graphite in percentage of total Cls area.
Intensity of defect in percentage of total Cls area.
AIChE Journal November 2010 Vol. 56, No. 11 Published on behalf of the AIChE DOI 10.1002/aic 2943



controllable assembly of LDH/C composite, for example,
CoAl-LDH/C, NiCuAl-LDH/C, and CuZnAl-LDH/C. This
synthesis route described shows the merits of ease, flexibil-
ity, and versatility for supported metal nanoparticles and
opens up new possibilities of promising catalysis application
for such materials.
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