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Promoting effect of group VI metals on Ni/MgO
for catalytic growth of carbon nanotubes
by ethylene chemical vapour deposition
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The incorporation of 1 mass % of group VI metals (chromium, molybdenum, and tungsten) into
4 mass % of Ni/MgO catalysts was evaluated for the synthesis of carbon nanotubes (CNTs) by the
catalytic chemical vapour deposition of ethylene. All materials were characterised by XRD, surface
area, TEM, SEM, Raman spectroscopy, and TGA-DTA. The resulting data demonstrated that the
addition of group VI metals improved the surface area and metal dispersion, thereby achieving a
remarkable enhancement in catalytic growth activity. Among the metals of group VI, Mo was found
to be the most effective promoter for catalysing the CNTs’ growth. From TEM observation, long
CNTs with a higher degree of graphitization were obtained on the Ni-Mo/MgO catalyst. TGA
and DTA analysis showed that the as-grown CNTs over both Ni-Mo and Ni-W/MgO catalysts

exhibited higher thermal stability.
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Introduction

Carbon nanotubes (CNTs) have attracted tremen-
dous research interest since their discovery in 1991.
Their unique electrical, thermal, and mechanical prop-
erties present opportunities for numerous applications,
including optical and electronic nano-devices, elec-
trodes for fuel cell and Li ion batteries, chemical
and biological sensors, and catalysts supports (de Lu-
cas et al., 2005; Toebes et al., 2004; Fujiwara et al.,
2001; Tans et al., 1998; Fan et al., 1999; Andersen et
al., 2013; Chen et al., 2003). The catalytic chemical
vapour deposition (CCVD) method can be considered
as a simple and economical technique for large-scale
production of CNTs at low temperature and ambi-
ent pressure in comparison with the arc-discharge and
laser-ablation methods (Chen et al., 2006).

Transition metals of group VIII (Fe, Co, and Ni)
are commonly used as active centres in the CCVD
method. These metals possess both an ability to form
carbides and allow carbon to diffuse through and over

the metals extremely rapidly (Sinnott et al., 1999).
Furthermore, Fe, Co, and Ni have partially filled 3d or-
bitals which facilitate the dissociation of the hydrocar-
bon molecules through partially accepting electrons.
This interaction along with the “back-donation” from
the metal into the unoccupied orbital in the hydro-
carbon molecule changes the electronic structure of
the adsorbed molecule so that the dissociation of the
molecule occurs (Dupuis, 2005).

Catalyst supports play an essential role in the cat-
alytic growth activity of CNTs. The main role of the
support is to improve the dispersion and decrease the
aggregation of metal particles during the reaction. In
addition, the support has a great influence on the
morphology of the carbon formed. Several substrates
such as SiOg, AlsO3, MgO, TiO2, ZrOs, LasO3, CeOa,
Si05/Al503, and zeolites are used as catalyst supports
in the CCVD method (Cassell et al., 1999; Ago et al.,
2006; Tang et al., 2001; Ni et al., 2006; Chen et al.,
2009; Jehng et al., 2008; Li et al., 2006; Ashok et al.,
2007). MgO possesses the advantage over these sup-
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ports of being easy to remove during the purification
of the as-grown carbon nanotubes (Takenaka et al.,
2003; Zheng et al., 2004).

Promoters can also play a significant role in the
catalytic activity. The promoter changes the elec-
tronic structure of the catalyst, lowering the activa-
tion energy for dissociation. This behaviour reduces
the growth temperature, hence enhancing overall per-
formance (Lee et al., 2000; Harutyunyan et al., 2002).
Metals such as molybdenum, platinum, ruthenium,
and copper have been used as a catalyst promoter
with the active metals (Lee et al., 2000; Yeoh et al.,
2010; Awadallah et al., 2014; Chai et al., 2006). Ago
et al. (2006) studied the Fe-Mo/MgO catalyst for the
synthesis of single-wall carbon nanotubes (SWCNTSs).
They found that Mo suppresses the formation of ex-
cess amorphous carbon on the surface of Fe particles
during the nanotubes’ growth, thereby preventing the
rapid deactivation of the catalyst. A synergetic effect
between cobalt and molybdenum was also discovered
by Tang et al. (2001). They found that the addition
of molybdenum to the Co/MgO catalyst increased the
yield and improved the quality of SWCNTs.

In comparison with molybdenum, few papers have
reported the use of chromium and tungsten for the
synthesis of carbon nanotubes (Loebick et al., 2009,
2010; Pasha et al., 2009; Landois et al., 2009). Ac-
cordingly, the present study sought to investigate the
effect of the addition of group VI metals (Cr, Mo, and
W) to the Ni/MgO catalyst on the yield and morphol-
ogy of as-grown CNTs.

Experimental

The monometallic 5%Ni/MgO and the bimetal-
lic 4%Ni-1%Cr/MgO, 4%Ni-1%Mo/MgO, and 4%Ni-
1%W/MgO catalysts were prepared by impregnation
and co-impregnation, respectively. Typically, the de-
sired quantities of the metal precursors, Ni(NOg3)s -
GHQO, (NH4)QCI‘O4, (NH4)6M07024 . 4H20, and
(NH4)10(W12041) - 5H2O salts (all analytical reagent
grades, Sigma-Aldrich) were dissolved in sufficient
quantities of deionised water then added to the re-
quired amount of calcined MgO support. Subse-
quently, the solutions were stirred at ambient tem-
perature for 1 h, followed by sonication for 10 min to
obtain homogenous mixtures. Finally, these mixtures
were dried at 120°C for 12 h prior to calcination in air
at 600°C for 4 h.

The process of growing CNTs operated using a
fixed-bed horizontal-flow quartz reactor (100 cm in
length and 3 cm in diameter). Typically, approxi-
mately 0.5 g of freshly calcined catalyst was dispersed
in a porcelain boat and placed in the middle of the
reactor. The temperature was increased to 500 °C un-
der an argon (99.996 %) flow of 400 cm® min~! (un-
der standard conditions), then a hydrogen (99.9990 %)
flow of 100 cm?® min~! was introduced at this tempera-

ture for 60 min to reduce the catalyst. The furnace was
heated to the growth temperature of 850°C under ar-
gon flow. After equilibration, a fed mixture of ethylene
(99.90 %) at 100 cm® min~—! and 400 cm?® min~! of ar-
gon was introduced for 30 min. Finally, the system was
cooled to ambient temperature under an argon flow of
100 cm® min~—!. The flow of the gases was controlled
using the respective digital mass-flow controllers.

Powder X-ray diffraction experiments were per-
formed on the fresh and used catalysts using X'Pert
PRO MPD PANalytical (Almelo, The Netherlands).
The patterns were recorded using CuK, radiation
(A = 0.1541 nm) and a 26 range from 10° to 90°.

The fresh catalysts were characterised by No ad-
sorption/desorption isotherms obtained at the tem-
perature of liquid nitrogen in an automated physisorp-
tion instrument (Autosorb-1C, Quantachrome Instru-
ments, Boynton Beach, FL, USA). Prior to the mea-
surement, the catalysts were outgassed in vacuum at
200°C for 2 h. The specific surface areas were cal-
culated in accordance with the Brunauer-Emmett—
Teller (BET) method.

The morphology of as-grown CNTs was inves-
tigated by transmission electron microscopy (TEM,
Model JEM-200CX, JEOL, Tokyo, Japan). A small
quantity of the catalyst plus the carbon deposit mix-
ture was dispersed in 10 cm? of ethanol and sonicated
for 10 min. A few drops of the resulting suspension
were placed on a covered copper grid.

Thermogravimetric analysis was performed using
an SDT; Q600 apparatus using 20 mg of catalysts
at a heating rate of 10°C min~! in an air flow of
50 cm?® min~!. The carbon yield for each catalyst was
calculated using the following equation:

Carbon yield (%) = (% mass loss by carbon
oxidation/% of residue after oxidation) x 100 (1)

Scanning electron micrographs were taken using
a JSM-5300 microscope (JEOL, Tokyo, Japan). The
samples were coated with Au for 5 min prior to the
test.

The Raman spectra of the as-grown carbon nan-
otube samples were achieved at ambient tempera-
ture using a SENTERRA Dispersive Raman Micro-
scope (Bruker, Ettlingen, Germany) equipped with a
diode Nd:YAG laser and a wavelength of 532 nm from
500 cm~! to 2000 cm ™.

Results and discussion

The XRD patterns of the fresh catalysts after cal-
cination at 600°C for 4 h are depicted in Fig. 1. The
catalysts are crystalline, as is evident from the sharp-
ness of all the diffraction peaks. Moreover, the XRD
spectra of all the catalysts exhibit the crystallite peaks
at 20 = 37.2°, 43.2°, and 62.7° which are characteris-
tic of the formation of a rock-salt Mg, Ni(;_,)O solid
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Fig. 1. XRD patterns of fresh calcined catalysts MgO (a),
5%Ni/MgO (b), 4%Ni-1%Cr/MgO (c), 4%Ni-1%Mo/
MgO (d), and 4%Ni-1%W/MgO (e).

solution (Fig. 1). It is known that the NiO and MgO
components in the catalyst exhibit similar diffraction
planes (Figs. la and b), because the Ni?t and Mg?*
ions have similar valence, ionic radius values [r(Ni*T)
= 0.07 nm and r(Mg?*) = 0.065 nm], and crystal cell
dimensions. Hence, the NiO and MgO components in
the catalyst can readily form an Mg,Ni;_,)O solid
solution due to the excellent mutual solubility (Chen
et al., 2006; Pour et al., 2005; Song & Pan, 2004), as
shown in Fig. 1. The formation of the Mg,Ni;_,)O
solid solution is principally due to the interaction be-
tween the MgONi alloy with the exposed air atmo-
sphere during the calcination step.

Furthermore, it is noted that the intensity of all
the diffraction peaks, especially the principal MgO
peak at 20 = 42.8° is significantly decreased by the
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addition of 1 mass % of group VI (Cr, Mo, or W)
metals to 4%Ni/MgO catalyst in accordance with the
following order: 5 Ni/MgO, 4%Ni-1%Cr/MgO, 4%Ni-
1%Mo/MgO, 4%Ni-1%W /MgO. It may be assumed
that the diffraction intensities decrease with increas-
ing the atomic mass of group VI metals. This be-
haviour suggests that the addition of these metals in-
duces a stronger interaction with the structural MgO
and NiO crystals; this is reflected in the decrease in
the MgO portion. In addition, none of the characteris-
tic peaks of any known crystalline phases of the metal
oxides or the MgCrs0y4, MgMoO, as well as MgWO,
species are observed in the XRD patterns of the fresh
catalysts. Also, the Ni—(Cr, Mo, and W) species, i.e.
NiCry04, NiM00Oy4, and NiWQ, are not detected in
the XRD patterns (Fig. 1). This may indicate that the
metal particles are well dispersed on the support and
that the observed diffraction peaks are characteristic
of only the MgO solid support.

It is important to note that the lower intensity
of the diffraction peaks in the XRD patterns of the
Ni-Mo/MgO and Ni-W /MgO catalysts indicates that
the metal-support interaction between the bimetal-
lic Ni-Mo or Ni-W combination with the MgO lat-
tice greatly exceeds those between the monometallic
Ni or bimetallic Ni-Cr and the MgO. This observa-
tion also reveals that the addition of group VI metals
enhances the dispersion of Ni particles on the MgO
solid support. Accordingly, it may be assumed that the
Ni-Mo/MgO or Ni-W/MgO catalysts acquire a higher
metal dispersion than the monometallic Ni/MgO or
bimetallic Ni-Cr/MgO catalysts. This may be deemed
to be one of the most important factors influencing the
catalytic growth activity of the catalysts.

The thermogravimetric analysis was performed to
evaluate the thermal properties of the as-produced
CNTs. The mass loss is attributed mainly to the burn-
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Thermogravimetric (a) and differential thermal (b) analysis of as-grown CNTs over 5%Ni/MgO (black curve), 4%Ni-

1%Cr/MgO (red curve), 4%Ni-1%Mo/MgO (pink curve), and 4%Ni-1%W/MgO (blue curve) catalysts.
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Table 1. TGA data of as-grown CNTs over catalysts used

Temperature/ °C Carbon yield
Catalysts
onset end inflection mass %
5%Ni/MgO 501 627 583 28.6
4%Ni-1%Cr/MgO 509 667 632 44.3
4%Ni-1%Mo/MgO 512 741 652 87.4
4%Ni-1%W /MgO 525 718 668 50.9

ing of the deposited carbon in oxygen, hence it corre-
sponds to the carbon yield in the catalysts. Accord-
ingly, the oxidative stability curves of the CNTs over
the catalysts are shown in Fig. 2. It may be observed
that all the catalysts display a similar oxidation trend
with a one-step degradation (Fig. 2a). This is indica-
tive of the absence of amorphous carbon, hence high
purity CNTs are obtained. It has been reported that
the oxidation temperature of amorphous carbon is in
the range of 200-400°C (Yoshida et al., 2006). From
the data shown in Fig. 2a, the calculated carbon yield
is presented in Table 1. It is clear that the highest yield
of CNTs (87.4 %) was achieved over the Ni-Mo/MgO
catalyst, whereas the unprompted Ni/MgO catalyst
exhibited the lowest carbon yield (28.6 %). More-
over, the onset temperature was almost equal for
all catalysts, whereas the end-temperature was some-
what higher for Ni-Mo/MgO and Ni-W/MgO cat-
alysts. In addition, the inflection temperature (oxi-
dation temperature) of CNT was significantly higher
over the later catalysts (741°C and 718°C, respec-
tively). This indicates that the as-produced CNT's over
Ni-Mo/MgO or Ni-W/MgO acquired a higher ther-
mal stability and quality than the other catalysts. In
general, the TGA results showed that the incorpora-
tion of group VI metals enhanced the catalytic growth
activity of the Ni/MgO catalyst. Hence, the activity
of the catalysts in terms of CNT yield and quality
can be arranged in the following order: Ni-Mo/MgO,
Ni-W/MgO, Ni-Cr/MgO, Ni.

A comparison of the XRD patterns from the four
catalysts after the reaction and without purification
shows the appearance of the graphite peak at 20 =
25.5° assigned to the graphitic carbon of MWCNTs.
The relative intensity of this peak is higher for both
the Ni-Mo/MgO and Ni-W/MgO catalysts than for
Ni/MgO and Ni-Cr/MgO catalysts (Fig. 3). It may
be stated that the intensity of the graphite peak and,
consequently, the catalytic activities increase gradu-
ally with increasing the atomic mass of group VI met-
als up to Mo metal, beyond which the activity de-
creases slightly when using W as a promoter (Fig. 3).
The data are in good agreement with the TGA results
(Fig. 2 and Table 1).

Table 2 displays the XRD data for graphitic carbon
over the catalysts. It is observed that the interlayer d-
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Fig. 3. XRD patterns of deposited carbon over 5%Ni/MgO

(a), 4%Ni-1%Cr/MgO (b), 4%Ni-1%Mo/MgO (c), and
4%Ni-1%W /MgO (d) catalysts.

Table 2. XRD data of catalysts used

Catalyst 20/° FWHM  d-spacing/nm
5% Ni/AlaO3 25.89 0.2245 0.32443
4%Ni-1%Cr/Al2O3 25.77 0.0900 0.32774
4%Ni-1%Mo/Al2O3 25.59 0.1569 0.33671
4%Ni-1% W/Al203 25.83 0.2176 0.34223

spacing values of graphite (002) at approximately 26
= 25° over both the Ni-Mo/MgO and Ni-W/MgO
catalysts (0.3367 nm and 0.3342 nm, respectively) are
very close to the value of an ideal graphite crystal
(0.3354 nm). This indicates that the addition of Mo or
W metals to Ni/MgO enhances the degree of graphiti-
sation and the crystallinity of the as-produced carbon
nanotubes.

The higher catalytic growth activity of carbon
nanotubes over the Ni-Mo/MgO catalyst can be at-
tributed to the improvement in the stability and dis-
persion of Ni particles upon the addition of Mo metal.
The enhancement in metal dispersion arises from the
interaction between nickel oxide and molybdenum ox-
ide to form a nickel molybdate species (NiMo0Qy). Sev-
eral studies have reported that the addition of molyb-
denum leads to a synergistic effect with Co (Tang et
al., 2001; Flahaut et al., 2004; Kitiyanan et al., 2000).
Tungsten could play a similar role (Willems et al.,
2002). Additionally, molybdenum can be considered
as the most effective centre for enhancing the aro-
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matisation of methane under non-oxidative conditions
(Wang et al., 1993; Aboul-Gheit et al., 2011, 2012).
At the initial stage of the reaction, MoOj3 can be eas-
ily transformed to MoyC species (Aboul-Gheit et al.,
2008; Aboul-Gheit & Awadallah, 2009). The molybde-
num carbide species could provide the active centres
continuously i.e. Ni metal particles by carbon during
the nucleation step (Zhou et al., 2005). Zhou et al.
(2006) stated that the Mo carbide played an impor-
tant role in the synthesis of thin CNTs bundles, in
which Moy C acted as a carbon reservoir.

The surface area affords a further explanation for
the higher catalytic growth activities after incorpo-
rating group VI metals into Ni/MgO catalyst. Table 3
presents the surface area and crystallite size of the cur-
rent catalysts under investigation. It is evident that
the addition of group VI metals induces a significant
increase in surface area. The Ni-Mo/MgO catalyst ex-
hibits the highest surface area of 124 m? g~!, whereas
the surface area for the monometallic Ni/MgO cata-
lyst is only 76 m? g~! (Table 3). The data in Table 3
indicate that the surface area increases with increas-

Table 3. Surface area and crystallite size of fresh calcined cat-

alysts
Specific surface area Crystallite size

Catalyst

m? g1 nm
5 Ni/Al>O3 76 3.44
4%Ni-1%Cr/Al2O3 103 1.89
4%Ni-1%Mo/Al2O3 124 2.91
4%Ni-1%W/Al2O3 116 3.15

ing the crystallite size of the catalysts in the case of
bimetallic catalysts. This behaviour reveals that the
incorporation of group VI metals could generate a
mesoporous structure. The mesoporous structure may
be attributed to the formation of MgCro04, MgMoOQOy,
or MgWOQy, spinel structures as a result of the interac-
tion between group VI metals and the MgO support.

In addition, the characterisation of fresh catalysts
by XRD did not afford particle size determination

Fig. 4. TEM images of deposited carbon on 5%Ni/MgO (a), 4%Ni-1%Cr/MgO (b), 4%Ni-1%Mo/MgO (c), and 4%Ni-1%W /MgO

(d) catalysts.
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Fig. 5. SEM (a) and TEM (b) images of MWCNTSs produced on 4%Ni-1%Mo/MgO catalyst.

of NiO due to formation of the Mg,Ni;_,)O solid
solution, but we can calculate the crystallite size of
the catalysts using the well-known Scherrer equation
(Table 3). The crystallite sizes of the catalysts were
calculated from the main diffraction peak at 20 =
43.2° which corresponded to the Mg,Ni;_,)O phase
(Fig. 1). Hence, the crystallite sizes of the catalysts are
greatly reduced upon addition of the group VI metals.
These features demonstrate that the inclusion of Cr,
Mo, and W metals in the structure of the Ni/MgO
catalyst improves the dispersion and stabilisation of
Ni particles on the catalysts.

The inhibition of the catalytic growth activity of
the monometallic 5%Ni/MgO is largely attributed to
the formation of the rock-salt Mg, Ni(; _,)O solid solu-
tion as is demonstrated by the XRD patterns (Fig. 1).
The formation of the Mg, Ni(;_,)O solid solution re-
duces the extraction of Ni-active sites which are avail-
able for ethylene decomposition due to the strong
metal support interaction. It is known that the metal—
support interaction (MSI) could influence the reduc-
tion of metal oxide as well as the metal dispersion on
supported catalysts. A strong MSI increases the diffi-
culty associated with reduction of the metal oxide via
increasing the reduction temperature or the formation
of metal-support species (Mg, Ni(;_,)O) which is dif-
ficult to reduce (Tauster et al., 1981, Tauster, 1987).
In addition, a strong MSI decreases the aggregation of
metal particles on the support surface leading to an
enhancement in the metal dispersion. A strong MSI
often leads to a low carbon yield and a short life-time
for the catalyst, which may be due to the difficulty in
detaching the metal particles from the support (Li et
al., 2011).

Fig. 4 shows the TEM images of the as-produced
CNTs on the catalysts. It is clear that the mor-
phology has a tubular structure, reflecting the for-
mation of MWCNTSs with clear boundaries between

the tubes. The unprompted Ni/MgO produced a
rather low quantity of CNTs on its surface, indi-
cating the low ability of this catalyst to grow fila-
mentous carbon. The catalyst particles predominate
over the number of CNTs (Fig. 4a). Moreover, the
amorphous carbon may be formed in addition to
the CNT, as shown in Fig. 4a. The TEM image of
the as-grown CNTs over the Ni—Cr/MgO catalyst
presents good graphitisation structures where the de-
fects in the outer walls are not observed (Fig. 4b).
Carbon nanotubes with helical, straight, and ring-
shapes are obtained on the Ni-Mo/MgO catalyst
(Fig. 4c). The SEM and TEM pictures (Fig. 5)
confirm that the Ni-Mo/MgO catalyst produces a
spiral-shaped carbon nanotube. Beside the CNTs’ for-
mation on the Ni-Mo/MgO catalyst, some carbon
nanofibres (CNF's) were also detected, as shown in
Fig. 5b. In addition, the length of the CNTs grown
over the Ni-Mo/MgO catalyst is longer than the
other catalysts, confirming the higher catalytic effi-
ciency.

On the other hand, the CNTs were grown in a high
density on the Ni-W/MgO catalyst. The CNT diam-
eters appeared to have uniform diameters, indicating
a good distribution of nickel particles in the catalyst
due to the incorporation of W (Fig. 4d). This also
demonstrates that the W could further protect the
Ni particles from aggregation, leading to a smaller as
well as a controlled particle size. Herrera and Resasco
(2003) reported that the selectivity of the W/Co cat-
alysts toward SWCNT depended on the stabilisation
of the Co?T ions, which resulted from an interaction
with tungsten.

The degree of graphitisation and crystallinity of
the as-synthesised MWCNTSs on the catalysts were
also investigated by Raman spectroscopy, as depicted
in Fig. 6. Each spectrum displays a strong vibration
near 1585 cm~! (G band) due to the inter-plane sp?
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Fig. 6. Raman spectra of as-produced MWCNTs on 5%Ni/MgO (a), 4%Ni-1%Cr/MgO (b), 4%Ni-1%Mo/MgO (c), and

4%Ni-1%W /MgO (d) catalysts.

C—C-stretching, assigned to the characteristic fea-
ture of a graphitised tube. Another band appeared
at 1330 cm~! denoted as the D band, arising from the
existence of disordered graphitised carbon due to de-
fects, impurities, and presence of amorphous carbon
on the sidewall of CNTs (Dresselhaus et al., 2002).
The appearance of the D band is a clear indicator
of the formation of MWCNTSs. The D band in the
samples under investigation arises from the structural
disorder in the tube and not from the presence of
amorphous carbon. This result is in good agreement
with the TGA data (Fig. 2). In addition, the In/Ig
ratio is regarded as an important parameter for in-
vestigating the quality and crystallinity of the CNTs.
The lower ratio of (Ip/Ig) indicates that the CNT
acquires a higher degree of crystallisation and graphi-
tisation. As shown in Fig. 6, the ratios of In/Ig for
all the deposited carbon nanomaterial on the cat-
alysts are lower than unity (0.56-0.98), indicating
that the as-grown CNTs have good crystallinity of
graphite sheets as well as fewer defects and impuri-
ties.

Conclusions

Multi-walled carbon nanotubes (MWCNTSs) were
successfully prepared by using monometallic Ni/MgO
and bimetallic Ni-M (M = Cr, Mo, and W)/MgO cat-
alysts. The addition of group VI metals (1 mass %)
induced a significant improvement in the catalytic
growth activity for the synthesis of CNT by the de-
composition of CoHy. It was shown that increasing
the atomic mass of group VI metals up to Mo leads to
a progressive enhancement in the yield of MWCNTs.
Surface area and metal dispersion were improved sub-
sequent to the incorporation of these metals. The
formation of an Mg, Ni(;_,)O solid solution was the
main reason for the lower catalytic growth activity
of monometallic Ni/MgO catalyst. The addition of a
group VI metal causes a strong interaction with NiO
which inhibits the formation of a solid solution, lead-
ing to an increase in catalytic performance The TEM,
XRD, and TGA results revealed that the as-grown
CNTs on the Ni-Mo/MgO catalyst achieved a higher
degree of crystallinity and graphitisation than with
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the other catalysts. The CNTs synthesised using the
Ni-W/MgO catalyst have a more uniform diameter
and higher quality, indicating good dispersion of the
Ni particles.
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