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" Ni nanoparticles were selectively
loaded inside or outside CNTs.

" Ni inside CNTs showed higher
activity than Ni outside CNTs for
methane dry reforming.

" Ni inside CNTs was more stable than
Ni outside CNTs for methane dry
reforming.

" Enhanced catalytic performance was
attributed to the confinement of
CNTs channels.
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The catalysts with nickel nanoparticles selectively loaded inside or outside CNTs were prepared via wet
chemical method and the catalytic performance was studied to clarify the different catalytic site position
effect for methane dry reforming. The reaction results showed that I–Ni/CNTs had higher catalytic activity
and better stability than O–Ni/CNTs.
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The catalysts with nickel nanoparticles selectively loaded inside or outside carbon nanotubes (CNTs)
were prepared via wet chemical method to study the different catalytic site position effect such as inside
and outside CNTs. The catalysts were characterized by N2 adsorption, transmission electron micrographs
(TEM), X-ray diffraction (XRD), H2-temperature programmed reduction (H2-TPR), X-ray photoelectron
spectroscopy (XPS) and Raman spectroscopy. TEM images and XPS demonstrated that most of nickel
nanoparticles were controlled to be loaded at interior or exterior surface of CNTs. The H2-TPR analysis
results showed that the nickel oxide at the inside of the CNTs was easier to be reduced by H2, which
was attributed to the confinement effect of CNTs. Furthermore, this different reducibility resulted in an
obvious different catalytic performance in terms of methane reforming of carbon dioxide. The reaction
results demonstrated that the nickel catalyst with the nanoparticles inside CNTs exhibited higher cata-
lytic activity and stability compared with the catalyst where nickel nanoparticles loaded outside CNTs.
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1. Introduction

Methane dry reforming has received significant attention in re-
cently years, as the process of converted two greenhouse gases CH4

and CO2 to valuable syngas. The reaction equation is showed as
following:

CH4 þ CO2 ! 2COþ 2H2 ð1Þ

The dry reforming reaction is accompanied by several side
reactions, such as the reverse water–gas shift reaction (2),
the methane cracking reaction (3) and the Boudouard reaction
(4) [1].

CO2 þH2 ! H2Oþ CO ð2Þ
CH4 ! Cþ 2H2 ð3Þ
2CO! CO2 þ C ð4Þ

Compared to steam reforming of CH4 or partial oxidation of CH4

process, dry reforming of CH4 has advantages in industrial demand
for the production of syngas with H2/CO ratio close to 1/1, which is
more suitable for further synthesis of liquid hydrocarbon in
Fischer–Tropsch synthesis on Fe-based catalyst and dimethyl ether
(DME). Meanwhile, the dry reforming of methane was considered
as one of the best way to store and transport solar or atomic
energy.

In the previous reports, many VI metals, such as Co, Ni, Rh, Ru
and Pt, loaded on different supports have been used as catalyst for
dry reforming reaction [2–9]. Nickel-based catalysts are more
interesting than noble metal catalysts due to higher availability
and lower price.

Recently, great attention has been paid to carbon materials
with novel nanostructure such as carbon nanotubes, carbon
nanofibers and carbon spheres. CNTs have unique properties such
as large surface areas, mesopore structures, and uniform pore size
distribution, resistance to high temperature, acid or base [10]. As
a novel support material, CNTs were widely used as support
material for catalytic reaction such as Fischer–Tropsch synthesis
[11,12], higher alcohol synthesis [13,14], methanol synthesis
[15], selective hydrogenation [16] and ammonia synthesis [17].
First-principles study revealed that deviation of the graphene
layer from planarity caused p-electron density to shift from the
concave inner surface to the convex outer surface, leading to an
electron-deficient interior surface and an electron-enrich exterior
surface. Furthermore, the different electronic properties between
interior and the exterior CNTs lead to different catalytic perfor-
mance when the catalyst was selectively loaded inside or outside
CNTs [18]. Bao and Dalai compared the difference of catalytic site
position between the interior and the exterior of the CNTs in
Fischer–Tropsch synthesis [19,20]. They found that the catalyst
filled inside CNTs presented lower reduction temperature than
loaded outside CNTs, which was attributed to the different
electronic properties of the inner and outer surface of the CNTs.
According to their reports, the metal- support interaction inside
CNTs channels may be different from that on the exterior
surface of CNTs, which determined the difference catalytic
performance.

In this report, the catalysts with nickel nanoparticles loaded in-
side or outside CNTs were prepared through wet chemical method,
used for CO2 reforming of CH4, and the effects of catalytic sites
position at interior or exterior surface of CNTs were investigated.
TEM, BET, XRD, XPS, H2-TPR, TG and Raman spectroscopy were
employed to characterize the physicochemical property of the
catalysts and the spent catalysts.
2. Experimental

2.1. Catalyst preparation

Raw multi-wall carbon nanotubes (inner diameter: 4–10 nm,
Chengdu, China) (denoted as raw CNTs) were firstly refluxed in con-
centrated HNO3 (65 wt.%) at 120 �C for 14 h, and then washed with
deionized water until pH = 7. The sample was dried at 120 �C over-
night (denoted as acid-treated CNTs). And then the obtained sample
was further calcined at 900 �C under Ar atmosphere for 3 h (de-
noted as heat-treated CNTs). For the preparation of catalysts with
Ni particles inside CNTs, catalyst was prepared by an improved wet-
ness impregnation method. A certain amount of Ni(NO3)2 were dis-
solved in the ethanol solvent. Above treated CNTs with open ends
was impregnated with the nickel solution and then vacuumed for
0.5 h. After ultrasonic treatment for 0.5 h, the sample was impreg-
nated with deionized water and dried at 60 �C overnight. By this
method, the particles could be easily deposited inside CNTs (de-
noted as I–Ni/CNTs). In order to prepare the catalyst with Ni cata-
lytic site on the exterior surface of nanotubes, dimethyl benzene
was used to fill the pore of nanotubes. The volume of the solvent
was equal to the pore volume of CNTs. Then the nickel nitrate solu-
tion was added to the pore-filled support. After ultrasonic treat-
ment for 0.5 h, the sample was dried at 60 �C overnight (denoted
as O–Ni/CNTs). For the comparison of catalytic activity with the
Ni/CNTs, the Ni/AC (active carbon) catalyst was prepared by wet
impregnation method. A specified amount of Ni(NO3)2 was dis-
solved in deionized water. The amount of solution was equal to to-
tal volume of AC. Subsequently, the impregnated Ni/AC sample was
treated by ultrasonic for 0.5 h and dried at 60 �C overnight.

All the samples were calcined in Ar at 450 �C for 3 h. Before the
reaction, the catalyst was reduced at 500 �C for 2 h under a flow of
5% hydrogen of 40 ml/min. The loading of Ni for all catalysts was
10.0 wt.%.
2.2. Catalyst characterization

Nitrogen adsorption measurements were carried out at �196 �C
under a Quantachrome Instruments AUTOSORB-1, and BET surface
area and the pore size distribution were determined from the iso-
therms. The samples were outgassed at 200 �C for 2 h before each
test. The samples were characterized by H2 temperature pro-
grammed reduction (H2-TPR) using BELCAT-B-TT (BEL.JAPAN
INC.) in a flow system using 5% H2/Ar mixture gases with 10 �C/
min temperature ramp and with a flow rate of 30 mL/min. The
power X-ray diffraction patterns were measured using Rigaku Cor-
poration Instruments RinT2200 V/PC with monochromatized Cu/
Ka radiation. High resolution transmission electron micrographs
(HRTEM) were obtained with a JEOL JEM-2100 UHR transmission
electron microscope operated at 200 kV. Raman spectra were re-
corded with a Raman spectrometer using a laser excitation line
at 514.5 nm. X-ray photoelectron spectroscopy (XPS) study was
conducted using ESCALAB 250Xi spectrometer equipped with a
monochromatized Al Ka source focused to a spot size of 0.2 mm.
The position of the C 1s peak (284.5 eV) was used to correct the
binding energies for all catalysts for possible charging effects.
The carbon deposition was characterized by thermogravimetric
analysis using Shimadzu DTG-60 instrument. The spent catalyst
was heated in a platinum sample cell in the air atmosphere from
room temperature to 750 �C at a ramp rate of 10 �C/min.
2.3. Catalytic reaction

Dry reforming experiments were carried out in fixed-bed quartz
reactor (6 mm i.d.) under atmospheric pressure. A reactant gas
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stream that consisted of CH4, CO2 and Ar with a molar ratio of
4.5:4.5:1 was used. The W/F was fixed at 1 g h/mol. The effluent
gases being cooled through an ice trap were analyzed with two
gas chromatographs. CO, CO2 and CH4 were analyzed by Shimadzu
GC-8A with a Porapak Q column and a thermal conductivity detec-
tor (TCD). H2 was analyzed by GC-320 (GL Science Co.) with an
activated carbon column and a TCD. The conversions of CO2, CH4

and the H2/CO molar ratio were calculated as following equations:

CCO2% ¼ CO2 in � CO2 out½ �=CO2 in

CCH4% ¼ CH4 in � CH4 out½ �=CH4 in

H2=CO molar ratio ¼ H2out=COout
3. Results and discussion

3.1. Catalyst characterizations

3.1.1. TEM analysis
TEM was employed to study the morphology of the CNTs sup-

ports and CNTs based catalysts. Fig. 1 shows the TEM images of
Fig. 1. TEM images of (a) raw CN

Fig. 2. TEM images (a,c) and particles size distr
raw CNTs and the CNTs after nitrate acid treatment. For the raw
CNTs, it can be seen that CNTs are curved and most of ends are
closed. After nitrate acid treatment, most of ends are open. The
heat-treated CNTs and the location of nickel nanoparticles on
heat-treated CNTs can be further verified by HRTEM images.
Fig. 2 shows the HRTEM images and the particle size distributions
of O–Ni/CNTs catalyst and I–Ni/CNTs catalyst. For the O–Ni/CNTs
catalyst, it clearly shows that most of nickel nanoparticles are
loaded outside of CNTs with uniform dispersion. Statistics shows
that more than 80% of nickel nanoparticles load on the exterior sur-
face of CNTs. Ni nanoparticles loaded purely outside of CNTs is
attributed to that dimethyl benzene was filled in the CNTs chan-
nels by the first step. The dimethyl benzene in the CNTs channels
hindered the Ni salt solution entering into the CNTs channels. As
shown in the Fig. 2b, most of nickel nanoparticles have the size
within the range of 5–11 nm, the average size of nickel nanoparti-
cles is 7.87 nm. For the I–Ni/CNTs catalyst, due to the relatively low
surface tension of the ethanol used as the solvent, an equal amount
of Ni(NO3)2 solution was almost entirely sucked into channels of
CNTs by the capillary force. It can be observed that more than
80% nickel particles filled inside the CNTs channel and most of
nickel particles have the size in the range of 5–10 nm with the
Ts and (b) acid-treated CNTs.

ibution (b,d) of O-Ni/CNTs and I–Ni/CNTs.



Fig. 3. XRD patterns of O-Ni/CNTs and I–Ni/CNTs catalyst before reduction.
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average value about 7.43 nm. It is indicated that there is no signif-
icant difference for the nanoparticles size between O–Ni/CNTs and
I–Ni/CNTs.

3.1.2. XRD analysis
The phase of the CNTs and CNTs based catalysts was analyzed

by XRD. XRD patterns of the heat-treated CNTs support and the
nickel loaded inside or outside CNTs catalysts are shown in
Fig. 3. The peaks at 26.2� and 42.5� are the characteristic peaks of
CNTs which correspond to graphite layers of multiwall carbon
nanotubes. This indicates that after treatment with acid and calci-
nation at high temperature, the graphitic structure is still kept. The
other peaks at 44.3�and 51.8� in the XRD patterns are assigned to
the (111) and (200) crystallographic plane of Ni, respectively.
Comparing with the intensities of the peaks, the O–Ni/CNTs is a lit-
tle higher than I–Ni/CNTs. Based on the line width of the (111) dif-
fraction plane, the crystallite particles size of Ni is determined
using Scherrer’s equation. The Ni particle size of O–Ni/CNTs and
I–Ni/CNTs is 7.5 ± 1.1 nm and 7.1 ± 1.7 nm, respectively, suggesting
that the particle size of these two samples is almost equal.

3.1.3. Nitrogen adsorption–desorption analysis
The N2 adsorption–desorption isotherms were used to deter-

mine the pore structure of the catalysts. The N2 adsorption–
desorption isotherms and the corresponding pore size distribution
of the CNTs and CNTs supported catalysts are shown in Fig. 4,
respectively. All the samples exhibit typical type-IV adsorption iso-
therms with clear H3 hysteresis loops at higher relative pressure,
suggesting that mesopores appear in the samples [21]. After heat
treatment at 900 �C in Ar atmosphere, the amount of N2 adsorbed
on the sample near P/P0 = 1 decrease, indicating the decreasing of
large mesopores and macopores of the samples. Compared with
that of heat-treated CNTs, the N2 adsorption quantity of Ni/CNTs
near the P/P0 = 1 increase, it is attributed to the increasing of accu-
mulated pores. The hysteresis loops appearing at medium relative
pressure range of 0.4–0.8 and higher relative pressure are associ-
ated with the capillary condensation in small mesopores and accu-
mulated pore, respectively [22]. Compared with that of O–Ni/CNTs,
the hysteresis loop of I–Ni/CNTs almost disappear in the adsorp-
tion–desorption isotherms curve, because of the fact that most of
channels of CNTs are loaded with Ni particles which decrease the
pore size of CNTs. Table 1 shows the nitrogen adsorption measure-
ment data of the support and the catalysts. It can be seen that the
BET surface area increases from 173 to 224 m2/g and the pore vol-
ume decreases from 1.56 to 0.89 cm3/g after nitrate acid treatment.
This illustrates that treatment of CNTs with nitric acid open the
ends of CNTs and expose their internal surface area. The increasing
micropore volume and decreased mesopore volume after acid
treatment suggest some defects formed on the CNTs walls. After
loading the Ni particles, the mesopore volume of the I–Ni/CNTs is
lower than that of O–Ni/CNTs, because most channels of CNTs
are filled with Ni nanoparticles.

The pore size distributions of CNTs and the catalysts are shown
in Fig. 4b. The pore size distribution curves indicate that there are
two types of pores, which are considered as inner pore and aggre-
gated pore [22]. It is obvious that the small mesopore of 3–5 nm is
the inner pore of CNTs and the larger pore corresponds to the
aggregated pore. It can be seen that the size of small mesopore is
clearly increased after heat treatment. In contrast, the size of small
mesopore of nickel catalyst is decreased, which is attributed to the
nickel particles filled inside channels or the ends of CNTs.

3.1.4. XPS analysis
The electronic states of the nickel catalysts were studied by

using X-ray photoelectron spectroscopy (XPS). Fig. 5 shows the
XPS spectra of I–Ni/CNTs and O–Ni/CNTs. The Ni2p spectral region
for all samples shows peak at 853.1–853.3 eV, which is character-
istic of Ni0. The peak at 856.4 ± 0.2 eV with satellite around
860.8 eV is due to the presence of NiO. Meanwhile, it should be
noted that the intensity of the Ni2p peaks from O–Ni/CNTs is much
higher than that from I–Ni/CNTs although the nickel loading is
similar. It is considered that the walls of CNTs have a shielding ef-
fect, which leads to a significantly attenuation of Ni2p signal in I–
Ni/CNTs. The XPS results also prove that the vast majority of nickel
particles are loaded inside the channels of CNTs of I–Ni/CNTs. This
is well in accordance with the HRTEM results.

3.1.5. Raman spectra
Raman spectroscopy was employed to analyze the degree of

graphitization of CNTs [23,24]. Fig. 6 shows the Raman spectra of
I–Ni/CNTs, O–Ni/CNTs and support CNTs which were measured
with 514.5 nm excitation over the Raman shift interval of 1000–
2000 cm�1. Two prime intense Raman bands correspond to the
D-bands and G-bands, respectively. The D-band at �1342 cm�1 is
related to the defects and disorders of structures in carbon materi-
als. The G-band is an intrinsic feature of carbon nanotubes that is
closely related to vibrations in all sp2 carbon materials. The G-
bands of nanotubes are known to consist of two main components,
G+ and G�. This band shows two different components [25]. The
lower frequency component is associated with vibrations along
the circumferential direction (G+), and the higher frequency com-
ponent (G�) is attributed to vibrations along the direction of the
nanotubes axis [26]. The ID/IG

+ (denoted as R) value represents
the degree of disorder in graphite layer. The R values for samples
are 1.06 (acid treated CNTs), 1.31 (heat-treated CNTs), 1.36 (O–
Ni/CNTs) and 1.50 (I–Ni/CNTs), respectively. It is obvious that the
R value is increased after heating treatment, indicating that heat
treatment made the CNTs disordered. Furthermore, the R value of
O–Ni/CNTs, loading Ni outside the CNTs support, only increases
from 1.31 to 1.36. But for I–Ni/CNTs prepared by loading Ni inside
of CNTs, its R value increased more obviously from 1.31 to 1.50. It is
indicated that nickel nanoparticles loading outside CNTs almost
had no effect on the graphite layer of CNTs. Meanwhile, the O–
Ni/CNTs had better ordered structure of the graphite sheets than
the I–Ni/CNTs, suggesting the higher level disorder and defect in
the case of CNTs with nickel filled inside of CNTs. This phenome-
non is also observed in the HRTEM results above.

3.1.6. H2-TPR analysis
The reducibility of the catalysts is a crucial factor influencing its

catalytic performance. The H2-TPR patterns of nickel catalyst
loaded inside or outside CNTs before reduction and the bulk NiO
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Fig. 4. N2 adsorption–desorption isotherms and pore distribution of acid-treated CNTs, heat-treated CNTs, O-Ni/CNTs and I–Ni/CNTs.

Table 1
Surface property of fresh, pre-treated CNTs and nickel catalysts.

Catalyst BET surface areaa (m2/g) VTotal
b (cm3/g) VMicro

c (cm3/g) VMeso
d (cm3/g)

Raw CNTs 173 1.56 0.07 1.49
Acid-treated CNTs 224 0.89 0.10 0.79
Heat-treated CNTs 265 0.61 0.12 0.49
I–Ni/CNTs 260 0.84 0.11 0.73
O–Ni/CNTs 249 0.85 0.10 0.75

a The surface area was determined by N2 adsorption.
b VTotal: Total pore volume was estimated at a relative pressure P/P0 = 0.99.
c VMicro: Micropore volume was determined from the Dubinine Radushkevic (DR) equation.
d VMeso: Mesopore volume was determined from the subtraction of micropore volume from total pore volume.
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are displayed in Fig. 7. There are two reduction peaks for both cat-
alysts and one peak for the bulk NiO sample. The H2 reduction peak
of bulk NiO appears at 365 �C, higher than those of CNTs supported
catalysts. For the catalyst I–Ni/CNTs, a lower reduction peak at
293 �C is assigned to the reduction of NiO particles to metallic nick-
el inside of CNTs. The other strong peak around 510 �C is associated
with a reduction of support CNTs [27]. Compared with that of the
I–Ni–CNTs, the reduction peak of O–Ni/CNTs appears at 320 �C,
about 30 �C higher than that of I–Ni/CNTs, indicating that NiO par-
ticles interacting with the exterior wall are more difficult to be re-
duced than those with the interior wall. The different reducibility
arises from the different electron deficiency of the interior and
the exterior surface which leads to weaken the bonding strength
of Ni–O and reduce I–Ni/CNTs more easily.
3.2. Catalytic activity

The blank experiment with the unloaded CNTs as catalyst was
carried out and the result showed that no conversion of CO2 or
CH4 was detected. The catalytic performances of Ni loaded inside
or outside CNTs are compared in Fig. 8 with the reaction tempera-
ture increased from 500 to 800 �C. It is clearly showed that the cat-
alytic activity of Ni/AC is obvious lower than that of CNTs based
catalyst, especially at higher temperature. The decreased catalytic
activity might be due to the structure collapse of the activated car-
bon support. The catalytic performance of CNTs based catalyst is
increased with the reaction temperature, indicating that the CNTs
are more thermal-stable than activated carbon. When the reaction
temperature exceeds 600 �C, the CO2 conversion is higher than the
corresponding CH4 conversion. The effect of reaction temperature
on the ratio of H2/CO is also shown in Fig. 8c. There was a signifi-
cant increase in the H2/CO ratio with the increasing temperature
from 700 �C to 800 �C. The lower H2 production observed at
700 �C indicates that the reverse water–gas shift reaction may also
have occurred under these conditions. For comparison of the two
CNTs catalysts, higher catalytic activity is clearly observed on I–
Ni/CNTs catalyst than on O–Ni/CNTs catalyst. At lower tempera-
ture, the catalytic activities of the two catalysts are similar. With
the reaction temperature increasing, the catalytic activity of I–Ni/
CNTs is higher than that of O–Ni/CNTs. It is considered that nickel
nanoparticle deposited inside CNTs has higher catalytic perfor-
mance than that loaded outside CNTs.

In order to examine the effect of the nickel particles position on
the catalytic stability, the catalytic stability evaluation of the cata-
lysts was conducted at 750 �C. The CH4 and CO2 conversion at
750 �C and W/F = 1 g h/mol are shown in Fig. 9. The I–Ni/CNTs cat-
alyst shows higher catalytic activity and the conversions of CO2

and CH4 are about 70.2% and 83.4%, respectively. The catalytic
activity of O–Ni/CNTs catalyst is lower, where the conversions of
CO2 and CH4 are 58.9% and 75.6%, separately. After 8 h on stream,
both catalysts show a slight activity loss in CO2 and CH4 conver-
sion. For the I–Ni/CNTs, the CH4 and CO2 conversions decrease to
65.4% and 78.8%, respectively. The H2/CO ratio obtained with the
I–Ni/CNTs is higher that of O–Ni/CNTs and all of that decrease with
the time on stream. Compared with the I–Ni/CNTs, the O–Ni/CNTs
exhibits a lower stability where the conversions of CH4 and CO2

only reach 50.1% and 66.1%, respectively. It is clear that Ni particle
deposited inside CNTs is more stable for methane dry reforming.
3.3. Characterization of catalysts after reaction

After 8 h reaction, the spent catalysts were subjected to TG
treatment under air atmosphere to investigate the carbon deposi-
tion. The TG curves are displayed in Fig. 10. As for the TG curve,
its general trend is downward as the temperature increased. How-
ever, there is a minor rise in the region from 300 to 500 �C; it is be-
cause that the oxidation of metallic nickel occurred under air
atmosphere. The TG curve indicated that the carbon materials
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Fig. 10. TG analysis of spent I–Ni/CNTs and O-Ni/CNTs catalysts after the reforming
reaction at 750 �C for 8 h.
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could be burnt under air atmosphere in the range between 300 �C
and 750 �C. At general condition, the weight loss appeared at TG
curve represented the carbon deposition of the catalysts. For the
CNTs substrates which could also be burnt out at the same condi-
tions, the weight loss could not represent the carbon deposition.
But it can be calculated though ternary equation as following:

mCNTs þmdeposited carbon þmNi ¼ C ðmass of spent samples for TG analysisÞ
ð5Þ

mNi=ðmNi þmCNTsÞ ¼ 0:1mass of spent sample ð6Þ

mNi ¼ C� ð1� the percent of weight lossÞ � ðMNi=MNiOÞ ð7Þ

The total carbon deposition of the spent I–Ni/CNTs and O–Ni/CNTs
samples were 9.3% and 20.8%, respectively. It is suggested that Ni
outside CNTs is easier to form carbon deposition than Ni inside
CNTs.

In order to further confirm the morphology of coke of catalysts
after 8 h reaction. TEM analysis of the spent catalysts was per-
formed. The TEM images are presented in Fig. 11 for spent I–Ni/
CNTs and O–Ni/CNTs samples. It can be seen that the spent sam-
ples were still kept carbon nanotubes after the samples were used
in methane reforming with CO2 at 750 �C for 8 h. As shown in
Fig. 11a, it is obvious that the Ni particles inside CNTs had size
growth large big along the nanotubes direction with a rod-like
morphology. It should be the amorphous carbon around Ni parti-
cle. Fig. 11b displayed clearly that the Ni particles outside CNTs
formed graphite like carbon over spent catalyst.
Fig. 11. TEM images of spent (a) I–Ni/CNTs and (b) O-Ni/CNT
4. Conclusions

Ni nanoparticles loaded inside or outside CNTs were selectively
prepared via wet chemical method. The TEM images and XPS char-
acterization demonstrated that nickel nanoparticles loaded inside
or outside CNTs catalysts were obtained as designed. H2-TPR indi-
cated that the nickel nanoparticles inside the CNTs were easy to be
reduced. The effects of catalytic sites position at interior or exterior
surface of CNTs on catalytic activity were researched by CO2

reforming of CH4. The reaction results showed that the catalytic
activity of I–Ni/CNTs was higher than that of O–Ni/CNTs catalyst.
Furthermore, the I–Ni/CNTs catalyst also exhibited high stability.
All these can be ascribed to the electric density difference between
interior and exterior surface of CNTs and the confinement effect of
CNTs. The analysis of spent catalysts indicated that amorphous car-
bon formed on the catalyst with Ni particles inside CNTs channels,
while another type of graphite carbon appeared on the catalyst
with Ni particles outside CNTs channels.
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