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Abstract It was established that partial combustion of
carbon constituting the walls of multiwall carbon nano-
tubes (MWCNTs) catalyzed by previously deposited
CaCOj; nanoparticles converts parallel graphene layers in a
multiwall structure to aggregates formed by nano-onions
with a diameter of 5-12 nm. The areas with positive cur-
vature of graphene layers on the external surface of air-
etched MWCNTs played the role of docking stations for
nickel nanoparticles inserted by sonochemical deposition
after removal of the CaCOs;. The nickel nanoparticles were
located exclusively at the tops of the onions. Formation of
nanoscale curvature at the MWOCNT support surfaces
decreased the average size of Ni nanocrystals at similar
loading of 50-60 wt% from 8 to 2 nm. Partial catalytic
combustion did not change the concentration of surface
carbonyl groups measured by titration, which attributes the
observed phenomena directly to the corrugation of the
MWCNT surfaces. The catalytic tests revealed a significant
increase of catalytic activity of supported Ni catalyst due to
corrugating of the external surface of the MWCNT support.
After oxidative etching of the MWCNTs, the rate of
chloroacetophenone hydrogenation measured with a
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Ni-MWCNT catalyst increased by a factor of 2 without
change in selectivity yielding chlorophenylethanol as the
main product.

Introduction

Metal catalysts deposited on carbon nanotubes (CNTs)
have been tested in many catalytic reactions demonstrating
high activity and selectivity [1, 2]. The most efficient
catalysts have been prepared by decoration of the external
surface of mono- and multiwall-CNTs with metal nano-
particles [2, 3]. One of the important advantages of CNTs
as catalysts supports is a unique opportunity to vary, on the
nanoscale, the curvature of graphene sheets or of the sur-
face formed by their edges at the exterior. The corrugation
of the CNT surface strongly affects its interaction with
deposited adatoms as active phases in catalytic reactions,
due to tensile and compressive strains formed at the curved
areas [4-6]. At the areas with positive curvature (as at the
exterior CNT surface), the tensile strain increases the
hybridization strength between the C-p and metal-d orbi-
tals, facilitating the metal-support interaction and increas-
ing the energetic barrier for metal adatom (cluster) surface
diffusion [4]. This should decrease the size and increase the
stability of metal nanocrystals decorating the CNT.

The noncatalytic thermal manipulations yielded ripple
texturing only in single graphene layers and flat mem-
branes with thicknesses up to 16 nm [7]. There are two
options to control the curvature of the external grapheme
layers in CNTs at the nanoscale: to change the CNT
diameter in the range of 2-10 nm, where the effect of
curvature on the surface diffusion of metal adatoms is
relatively strong [6], or to etch the external surface of
thick multiwall CNTs (MWCNTs) with diameters of
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20-100 nm. In the last case, etching should form areas with
positive curvature corresponding to a ridge-valley surface
morphology with ridge heights of 2—10 nm on the external
surface of the MWCNTs. The second approach looks more
attractive for the preparation of metal catalysts supports
since it can be applied to a wide range of relatively cheap
carbonaceous materials including carbon nanofibers and in
principle, allows proper control of the surface corrugation
extent for any selected material.

The information collected at present about etching of
CNTs shows that development of a technique for controlled
corrugating of the MWCNT external surface is not a trivial
problem. The chemical and electrochemical approaches
using gaseous reagents or electrochemical rather than cat-
alytic reactions in the liquid phase decreased the diameter of
the MWCNTs or mostly removed tips from the CNTs
external surface flattening it [8—10]. Implementation of a
highly focused electron beam produced holes with negative
curvature—in the walls of the MWCNT, leaving the unet-
ched surface flat [11]. The same effect was achieved by the
local steam gasification of MWCNTs after deposition of
iron nanoparticles acting as a catalyst at the Fe-CNT contact
interface [12]. The Fe nanoparticles penetrated deeper in the
MWCNT body leaving deepenings with negative curvature
after their removal by acid extraction.

Recently, a successful corrugation of the external
MWCNT surface was done, producing material with ridge-
valley surface morphology containing ridges with positive
curvature 2-7 nm in height [13]. Deposition of iron
nanoparticles at this support yielded a catalyst with high
stability in Fisher—Tropsch synthesis at 275 °C. The sup-
port was prepared by high-temperature pyrolysis of acet-
ylene over iron supported on CaCOj. The residual Ca
nanoparticles remained in MWCNTs after removal of the
support by HNO; acid extraction catalytically promoting
disruption of carbon bonds in an inert atmosphere. This
yielded highly localized gasification of several surface
graphene layers that rendered their ridge-valley morphol-
ogy. CaCOj is an effective catalyst of carbon combustion
in air at temperatures <650 °C [14, 15]. Its deposition at
the external surface of MWCNTs should provide localized
carbon combustion in air that may also bring corrugation
areas forming with positive curvature to the surface. This
catalytic oxidation etching approach has an advantage in
being applicable to any as-synthesized CNT/CNF material,
independent of its synthesis history.

In the present work, it was demonstrated that the partial
catalytic combustion of a MWCNT localized at the CaCOs/
CNT interface creates rolling up of graphene layers along
the entire width of the MWCNT body. Conversion of the
multiwall structure from parallel graphene layers to jointed
onion-like aggregates produces areas with positive curva-
ture on the external MWCNT surface. This has a strong

effect on location, dispersion, stability, and catalytic
activity of Ni nanoparticles decorating the external surface
of the MWCNT.

Materials and methods
Materials preparation

MWCNTs with diameters ranging from 50 to 100 nm were
synthesized by direct injection of a benzene-alcohol solu-
tion of nickel acetylacetonate into a high-temperature
reactor (1000 °C), followed by insertion of benzene vapor
as a carbon source [16]. The residual Ni was removed by
extraction with 65% HNO3;, followed by washing with THF
and air drying at 80 °C. The external surfaces of parent
CNTs were decorated with 15-17 nm nanoparticles of
CaCOs3 (25 wt%) by carbonization of deposited Ca-nitrate
implementing the CNT support as a carbon source
(Ca(NO3), + 2C — CaCOj; + 2NOx + COy). The depo-
sition of Ca(NQs3), salt was conducted under ultrasonica-
tion (Sonics VC750) from the saturated solution in the
THF. The suspension was dried in rotavapor and the dried
powder was calcined in an inert atmosphere (N,) at 500 °C
for 30 min, in order to convert the Ca(NO3), to CaCOs.

Next, partial catalytic air-combustion of CNTs at carbon
conversions of 30-50% modified the morphology of their
walls. A batch of 0.4 g of CaCO3z-modified MWCNTSs was
placed in a tubular SS reactor with ID = 8 mm between
two layers of glasswool and treated at temperatures of
450-720 °C in either a flow of He or of gas containing
5-30% O, (O,—He, air), varying the flow rate and treatment
time. Processes of heating to the required temperature and
cooling after finishing the oxidative treatment were con-
ducted in a flow of He. After oxidative etching, the CaCO5
catalyst was removed from catalytically oxidatively etched
CNTs (COECNT) by its treatment with HNO;. The mod-
ified COECNT nanotubes were decorated with metallic
nickel by sonochemical deposition. This was done by
sonication of parent CNTs in the Ni(CO), solution in
decalin. The sonication (150 mg CNT in 100 mL of metal
precursor solution) was conducted in a sonication flask by
employing a high-intensity Ti-horn (20 kHz, 100 W/cm?)
sonicator (VCX 750 Sonics & Materials) under Ar at
temperatures of 5-10 °C for a period of 3 h. The metal
loading was controlled by varying the concentration of a
metal precursor at the sonochemical deposition step in the
range of 0.02-0.5 M. After sonication, decalin was
removed by decantation and the material was washed two
times with pentane. These procedures were performed in a
glove box (<5 ppm O,). The resulting black powder was
dried for 1 h at room temperature in a vacuum antechamber
and kept inside the glove box.
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Materials characterization

The prepared materials were characterized by XRD,
EDAX, N, adsorption, Raman spectroscopy, DTG-DSC,
and HRTEM methods. The metal-containing materials
were protected from direct contact with air by transferring
them from the glove box to measurement chambers under
an inert atmosphere (HRTEM) or wetting them with
decaline or isopropanol (XRD, catalytic tests).

Conventional wide-angle XRD patterns were obtained
with a Philips 1050/70 powder diffractometer fitted with a
graphite monochromator; software developed by Crystal
Logic was used. Phase identification was performed by
using a BEDE ZDS computer search/match program cou-
pled with the ICDD (International Centerfor Diffraction
Data) Powder Diffraction File database (2006). The crystal
domain size for detected phases was determined by using
the Scherrer equation h = KA/[(B2 — 0.5 cos(20/2)],
where K = 1.000 is the shape factor, 2 = 0.154 nm, f is
the instrumental broadening correction, and B is the
experimental broadening of diffraction peaks obtained by
fitting, using the Rietveld refinement. The relative content
of phases represented in X-ray diffractograms was obtained
by Rietveld refinement of the XRD profiles by using the
DBWS-9807 program.

The metal content in Ni-CNT-supported catalysts was
calculated based on metal/carbon atomic ratios, measured
by energy-dispersive X-ray analysis spectroscopy (EDAX,
Quanta-2000, SEM-EDAX, FEI Co) after passivation in
0.1%0,-He flow at room temperature and by potentio-
metric titration of the solution, obtained after treatment of
unpassivated metal-containing materials with aqueous
HNO; (70%) in the glove box.

Surface areas, pore volumes, and pore size distributions
of component powders and ground parent and coated
ceramic foams were obtained from N, adsorption—desorp-
tion isotherms measured at 77 K in the pressure range used
in conventional BET and BJH methods. The samples were
outgassed under vacuum at 523 K. Isotherms were
obtained at the temperature of liquid nitrogen with a
NOVA-2000 (Quantachrome, version 7.11) instrument.

Differential scanning calorimetry (DDC) and gravimet-
ric thermal analyses (TGA) were done using a TG-50-
Mettler-Toledo instrument. The measurements were car-
ried out in a flow of air or inert atmosphere (N,) at a
heating rate of 5 K min~'. The Raman spectra were exci-
ted using an Ar laser (1 = 488 nm) and recorded with a
Jobin—-Yvon LabRaman HR 800 micro-Raman system,
equipped with a liquid nitrogen cooled detector.

HRTEM analysis was conducted using a FasTEM JEOL
2010 microscope operating at 200 kV. The samples for
HRTEM were prepared by depositing a drop of ethanol
(MWCNT and COECNT) or pentane (metal-loaded CNT)
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suspension of solid material on a carbon-coated copper
grid. For Ni-CNT materials the deposition was done in the
glove box, and grids were mounted at the double jilt vac-
uum transfer holder (model 648, Gatan Inc.) under an inert
atmosphere. The holder was closed in the glove box,
transferred to the microscope (JEM 2010), and connected
directly to its vacuum chamber, avoiding contact of pyro-
phoric nickel nanocrystals with the air.

Materials performance

The activity and selectivity of Ni/MWCNT catalysts were
tested in hydrogenation of chloroacetophenone (CIAcPh).
The reaction was conducted in a stainless steel batch
reactor of 20 mL volume with internal Teflon coating
equipped with a magnetic mixer. The vacuum-dried cata-
lysts were loaded in the glove box to the reactor and filled
with liquid reaction mixture that protected it from air
contact during the following testing steps. The testing
conditions: Py, = 30 atm, 7 = 100 °C, catalyst loading
0.2 g, reaction mixture 0.3 g ClAcPh in 12 cm® i-propanol,
reaction time T = 5-12 h needed for keeping the ClAcPh
conversion in the range of 10-30%. The reaction rate was
calculated as V [mmol/g cat.*h] = [(0.3/MW)*X]/w*r,
where X—CIlAcPh conversion, MW—CIAcPh molecular
weight, w—catalyst weight (gram). The contents of resid-
ual ClAcPh and its hydrogenation products were analyzed
by the GC method (HP-6890 instrument equipped with FID
employing a capillary DB-WAX column (I = 30 m,
id = 0.25 um) and He as carrier gas). The 2-methoxyethyl
ether was used as an internal standard. The selectivities to
chlorophenylethanol (CIPhEtOH, hydrogenation route) and
acetophenone (hydrodechlorination route) were calculated
based on the concentrations of these compounds found in
the product mixture by GC analysis.

Results and discussion

Creation of nanoscale curvature on the external surface
of MWCNT by catalytic oxidative etching

The as-synthesized MWCNT had an external diameter
of 50-100 nm and the diameter of the central channel was
about 4-5 nm (Fig. 1). The external surface of the
MWCNT was flat without nanometric indentations and
close to zero curvature in the axial direction on the scale of
20-30 nm (inset in Fig. 1). The graphite layers building the
MWCNT walls were nearly straight, parallel to each other,
and oriented at an angle of about 45° relative to the
external surface line. At this line, they were bent forming
curved external surfaces with a radial curvature diameter of
50-100 nm. The calcium-containing nanoparticles were
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Fig. 1 HRTEM images of
as-synthesized Ca/MWCNT
material after deposition of
Ca-carbonate

5 nm

located on the external surface of the MWNT, visible as
uniformly distributed black spots with diameters of about
15 nm (inset, Fig. 1). The local EDAX spectroscopy
analysis conducted at these points, with the diameter of
electron spot of 20 nm, revealed highly intensive charac-
teristic peaks of Ca, together with carbon and oxygen
(inset, Fig. 1). The Ca-containing nanoparticles were sen-
sitive to irradiation with an electron beam during HRTEM
measurements. This did not allow a clear picture of atomic
layers in these nanoparticles and identification of their
phase composition.

The XRD analysis, including quantitative phase analysis
based on calibration curves recorded with CaCO;-CaO-
MWCNT mechanical mixtures of different compositions,
did allow identification of the nature of Ca-compounds.
The XRD patterns of as-prepared Ca/MWCNT composite
are shown in Fig. 2 (curve 1). Calcium existed in the

materials mostly in the form of CaCO; (calcite) in the
amount of 29 wt% with an additional 3 wt% of CaO.
Besides these and graphite phases, the samples contained
residual metallic nickel (<2 wt%, 25 nm crystals), which
remained after MWCNT treatment with HNO; before Ca
deposition. The crystal domain size of CaCOj3 derived from
the width of corresponding XRD peaks was 16 nm, in
agreement with the HRTEM data. These data are evident
for high efficiency of selected Ca-insertion methods: the
Ca-nitrate deposited in the first stage was converted to
nanometric CaCO;, as a result of decomposition and
chemical interaction with the surface carbon at the second
calcination stage carried out in an inert atmosphere at
500 °C.

The TGA of Ca/MWCNT material conducted in both air
and N, atmospheres (Fig. 3a, b) displayed two peaks cen-
tered at 550 and 720°C. According to DSC data (not
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Fig. 2 XRD patterns of Ca/MWCNT material: as-synthesized (/);
after treatment in He at 720 °C, 2 h (2); after treatment in He at
720 °C followed by oxidative treatment in 1 mL/min 5%0,—He flow
at 550 °C for 60 min (3); after oxidative treatment in air at 550 °C for
20 min and treatment with HNOj3 (4); after oxidative treatment in air
at 550 °C for 30 min and treatment with HNO; (5); after oxidative
treatment in air at 550 °C for 60 min and treatment with HNOj3 (6)

shown) the first was accompanied by an exothermic effect,
while the second was by endothermic effect. The exo-
thermic weight loss corresponds to the partial oxidative
removal (burn-off) of carbon from the parent CNT, as a
result of its catalytic oxidation to CO/CO,. The endother-
mic effect reflects Ca-carbonate decomposition CaCO; —
CaO + CO, [14]. The ratio of integral intensities of the
differential DTG peaks centered at 720/550 °C was 0.2 in
air and 0.7 in nitrogen (Fig. 3, curves a, b). This reflects the
relative contribution of two processes: carbon combustion
(C + O — (CO)CO,) and Ca-carbonate decomposition,
to the total sample weight loss. In nitrogen, the contribution
of carbon combustion is much lower since it uses only
oxygen accumulated by CaCO; and adsorbed by carbon.
After calcination of Ca/MWCNT at 720 °C in He con-
ducting the TGA in air significantly reduced the weight
loss at 450-550 °C (Fig. 3, curve c). This corresponds to
regeneration of CaCOs, according to the reaction
Ca0O + CO, — CaCO; that occured in this temperature
range [14] and partially compensated for the weight loss
caused by carbon combustion. These conclusions were
confirmed by XRD data. After calcination at 720 °C in He,
CaCOj; was fully converted to CaO (Fig. 2, curve 2). After
oxidative treatment at 550°C, about 80% of te CaO phase
produced during the previous step was converted back to
CaCOs (Fig. 2, curve 3).
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Fig. 3 TGA/DTG curves recorded with as-synthesized Ca/MWCNT
material: in air (a); in N, (b), in air after treatment in He at 720 °C,
2 h (¢)

The state of Ca-phase and oxidation conditions strongly
affected the efficiency of carbon burn-off in the Ca/
MWCNT material. The as-synthesized sample contained
65 wt% of the graphite phase (Table 1). The oxidative
treatment of as-synthesized CaCO;/MWCNT material
containing 16 nm particles of CaCOj; yielded relatively fast
carbon burn-off. The content of the graphite phase in this
material reduced by 15, 48, and 57 wt%, after treatment in
air at 550 °C for 20, 30, and 60 min, respectively (Table 1,
entries 6-8). Pretreatment of as-synthesized Ca/MWCNT
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Table 1 Effect of oxidative treatment on the phase composition of Ca/MWCNT material

Entry  Pretreatment in He  Oxidative treatment Phase composition
T (°C) Time (min) Treating gas Graphite (Wt%) CaCO;
Composition  Flow (mL/min) wt% Crystal size (nm)

1 - - - - - 65 29 16
2 720 °C, 2 h - - - - 77 20 (CaO) 20
3 720 °C, 2 h 500 60 5%0,-He 10 65 24 25
4 720 °C, 2 h 550 50 Air 25 63 26 30
5 720 °C, 2 h 550 60 Air 70 60 30 30
6 - 550 20 Air 70 50 47 20
7 - 550 30 Air 70 17 71 25
8 - 550 60 Air 70 8 82 30

material in He at 720 °C that converted CaCO5 to CaO
yielded a poor catalytic combustion effect during sub-
sequent oxidative treatments in 5%0O,-He and in air at
550 °C at different flow rates and time periods (Table 1,
entries 3-5). The content of the graphite phase was hardly
decreased by 2-5 wt%. This gives direct evidence for a
catalytic action of the CaCOj; phase in graphite combus-
tion. A similar effect of a decrease in the carbon com-
bustion rate after calcination of CaCOs/graphite composite
in Ar and its reoxidation was observed in [17]. This was
explained by decreasing the dispersion of the Ca-carbonate
phase and, respectively, the interfacial contact between the
catalyst particles and graphite substrate. This conclusion is
in agreement with the increase of the CaCOj3 phase crystal
size from 16 to 30 nm, after its conversion to CaO and
regeneration back to CaCOs5 detected in the present work
(Table 1). In addition, this effect of decreasing the carbon
burn-off rate after decomposition-regeneration of the
CaCOj; catalytic phase can be caused only by partial
regeneration of CaCOj3, while at selected temperatures only
this phase displays the catalytic activity in graphite com-
bustion. These data allow expectation of a high “selectiv-
ity” of graphite combustion—presumably at the CaCO3/
MWCNT contact interface yielding surface curvature on
the scale of 10-30 nm, corresponding to the size of the
CaCO; crystallites.

The carbon contents in oxidized Ca/MWCNT materials
and their texture parameters derived from N, adsorption
isotherms after removal of calcium are presented in
Table 2. The progressive graphite combustion yielded a
series of Ca/MWCNT materials where the carbon conver-
sion changed from 17 to 95% (Table 2). Treatment of
oxidized Ca/MWCNT materials with HNO; wholly
removed the Ca-containing phases and residual nickel
(Fig. 2, curves 4-6). Burning-off of 17 and 46% of the
initial graphite in the Ca/MWCNT does not affect the XRD
patterns of this phase, recorded after extraction of calcium
(Fig. 2, curves 4, 5). It represented a layered graphite
structure with layer stacking order resembling the rhom-
bohedral 3R phase (relative integral peak intensities
according to ICDD Card # 26-1079) with average inter-
layer spacing of 3.4 A. But deeper burning of the graphite
body in the MWCNTs, up to 89% conversion caused for-
mation of CaC, and alteration of about 30% of the graphite
in remaining carbon phase to amorphous material (Fig. 2,
curve 6). The latter is reflected by the appearance of the
amorphous halo in XRD patterns of the oxidized material
centered at 20 = 22°. The layered graphite structure of the
CNT walls survived at carbon conversion up to 50% as
confirmed by Raman spectra. After extraction of residual
nickel by treatment with HNO;, the Raman spectra recor-
ded for the parent MWCNT (not shown), contained three

Table 2 Carbon removal by

. . N Carbon content
selective catalytic oxidation of

AC, gram C/100 g Carbon

Surface Pore volume, Av porediameter

Ca/MWCNT and texture of air ir.l Ca/MWCNT after Ca/MWCNT conversion (%) area (mz/g) (cm3/g) (nm)

etched AEMWCNT after air etching wt%

CaCO; extraction with HNO, Not treated - - 216 0.41 3.8; 7-10
60 12 18 218 0.39 3.8; 6-10
50 30 46 208 0.37 3.8; 6-10
17 58 89 164 0.35 3.8; 5-10
8 62 95 - - -
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lines: a low-frequency, weakly resolved peaks at <200
and <500 cmfl, a large structure ~ 1450 cm™! (D-line),
and a narrow high-frequency band between 1500 and
1700 cm ™', originating from the vibrations of the C(sp”)
framework (G-band). The wide low-frequency peaks do
not correspond to the Alg “breathing” mode in single wall
carbon nanotubes. The peak width and intensities ratio of
the D-line and G-band assigned to the residual ill-orga-
nized graphite and 2g stretching mode of well ordered
graphite are characteristic for MWCNTSs [18]. The catalytic
oxidative etching of these MWCNTSs at carbon conversion
up to 46% did not significantly change the Raman spectra
of the material recorded after removal of the Ca-catalyst,
especially the width and D/G ratio of corresponding bands.
The oxidative etching did not significantly increase the
number of defects in the graphene layers. This means that
the optimal conversion of graphite in air-etched Ca/AE-
MWCNT materials prepared by the selective catalytic
combustion route is about 50%. At such a conversion, the
layered graphite structure remains undamaged, while the
significant amount of removed carbon allows us to expect a
major coarsening of the surface graphite layers at the
nanoscale.

Burning-off a part of the carbon has no significant
impact on the texture characteristics of the remaining
material after Ca extraction (Table 2). At carbon conver-
sion of 18-46%, the surface areas of residual material
were in the range of 204-218 m%/g, close to its value in
as-synthesized MWCNT (216 m*/g). At a high carbon
conversion of 89%, the surface area of residual material
dropped to 164 m*/g. The pore volume and pore diameters

Fig. 4 N, adsorption— 300

remained about the same after burning off part of the
carbon.

The N, adsorption—desorption isotherms and pore size
distributions obtained from the desorption branch of the
isotherm by the BJH method are shown in Fig. 4 for
parent and air-treated MWCNTs. The isotherms were
recorded with the as-synthesized Ca/MWCNT after direct
Ca-extraction and with the same material where
Ca-extraction was done after burning off part of the carbon
at a 46% carbon conversion. The peak centered at ~4 nm
can be attributed to the internal channels of MWCNTs,
while pores with diameters in the range of 6-12 nm can be
attributed to the voids between MWCNTs inside the bun-
dles. Burning out about 50% of the carbon leaves the
internal channels unharmed but slightly widens the pores
inside the bundles, creating a peak centered at about
10 nm, in addition to the peak at about 7 nm that also
existed before air-treatment (Fig. 4b). This may reflect the
coarsening of the external surface and decreasing of the
external diameter of the MWCNTSs after partial carbon
removal by combustion.

At a lower carbon conversion of 18%, only local mor-
phological defects were observed in the MWCNTs by
HRTEM. Increasing the carbon conversion to 46% uni-
formly changed the morphology of the MWCNTSs along the
whole CNT length. The HRTEM micrographs confirmed a
decrease in the external diameter of the MWCNTSs from
50-100 nm in the parent MWCNT (Fig. 1) to 20-40 nm in
the AEMVCNT, with coarsening of their external surfaces
at a carbon conversion of 46% (Fig. 5a). The selective
catalytic combustion of carbon during this air treatment
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isotherms (b)
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Fig. 5 TEM micrographs of
AEMWCNT obtained with 46%
carbon conversion at air-etching
step (after calcium removal) :
general view (a); nanotube wall,
frontal view (b) HRTEM of
nanotube external surface (side
view) (¢, d)

caused a drastic change in the morphology of graphene
sheets in the CNT walls. The parallel graphene sheets
forming the MWCNT walls were strongly curved during
the air treatment, so that the structure of the AEMWCNT
walls is represented by aggregates of onion-like nanometric
sub-units with diameters of 5—10 nm (Fig 5b). This yielded
a strong coarsening of the external surface in air treated
AEMWCNTs, creating indentations of 5—-15 nm in height
and 15-30 nm in width, located in close vicinity in the
background. The high resolution images showed that these
indentations represent surface units having diameters in the
range of 5-10 nm with onion structure exposing graphitic
layers with positive curvature (Fig. Sc, d).

The ability to transform into units with spherical shapes
is a common feature of different layered materials [19, 20].
Formation of spherical carbon nano-onions (CNOs) in a
carbon material under intensive energy consumption pro-
ceeds through the appearance of graphene islands that
become curved, due to the existence of defects including
non-sixfold rings [21]. The CNOs appear as a result of
coalescence of these curved 2D fragments, so that accu-
mulated strain and stress yields a convex shape of the
graphene layer by movement of the defects. The formation

of CNO aggregates under the catalytic oxidative etching of
the MWCNTSs observed in the present work can be ratio-
nalized assuming the formation of similar defective
graphene fragments (islands) due to burn off of part of the
graphene layers constituting the CNTs walls. This is con-
sistent with the recent observation where only CNOs were
obtained during synthesis of carbon nanotubes on a cata-
lytic nickel substrate in the presence of oxygen [22].

Decoration of air-etched AEMWCNT with nickel
nanoparticles: metal state and catalytic performance

Nickel was deposited at an AEMVCNT prepared as
described above, at carbon conversion of 45-50%, after
removal of residual nickel and CaCOj catalyst by HNO;
extraction. 10 batches of 0.4 g CaCO;/MWCNT were
treated in air at 550 °C for 20 min. The procedure was
highly reproducible—the carbon conversion in these
experiments varied in the range of 45-50%. The samplers
were mixed together yielding 1.55 g of mixed material.
The surface area of the mixed AEMWCNT material was
202 m?/g. Its morphology, according to HRTEM analysis,
was similar to that shown in Fig. 5.
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Metallic nickel was deposited on this support from a
nickel carbonyl solution in decalin at the conditions given
above. Sonochemistry is a powerful tool for the preparation
of nanoparticles of inorganic materials at mild conditions,
avoiding sintering and crystal growth [23]. In the case of
nickel nanoparticles, the sonochemical decomposition of
the dissolved nickel carbonyl yielded metallic nickel that
was directly deposited on the support mainly decorating the
outer surfaces of MWCNTSs with metallic nickel nanopar-
ticles. This avoided the need for a high-temperature
reduction step of deposited nickel precursor. The concen-
tration of the nickel carbonyl in deposition solution was
selected at a level that yielded 60 wt% nickel loading in the
Ni/AEMVCNT catalyst according to EDAX and potenti-
ometric titration analysis. For comparison by the same
method, two reference catalysts containing 25% and 50%
nickel on the parent MWCNT, treated only with HNO; in
order to remove the residual nickel, were prepared. The
XRD patterns of these three materials are presented in
Fig. 6. The nickel crystal size, derived from the width of
XRD reflections corresponding to the Ni® phase, increased
twice (from 4 to 8 nm) after increasing of nickel loading in
the parent MWCNT from 24 to 50 wt%. This is a regular
behavior of the supported metallic phase: an increase in
crystal size along with an increase in the metal surface
concentration. By using the air-etched EAMWCNT sup-
port, it was possible to reach 60 wt% loading of metallic
nickel, even decreasing the crystal size to 2 nm.

This effect could be a consequence of a strong interac-
tion between the graphite nano-onions with positive cur-
vature of surface grapheme layers and nickel nanoparticles,
based on the theoretical considerations presented above. It
was expected that nickel nanoparticles in a NVAEMWCNT

Ni(111)

|

<Ni°> 8nm

C(0002)
4000 - Ni(200)
l 60 wt.% Ni/ AEMWCNT
3000 - <Ni°> 2nm
= 1
B
S
£ 2000 /\
—_ 50 wt.% Ni/MWCNT

1000
i
25 wt.% Ni/MWCNT
<Ni°> 4nm
o T T T T T T T
10 20 30 40 50 60 70

2 Theta

Fig. 6 XRD patterns of parent and air-etched MWCNTSs decorated
with nickel nanocrystals

@ Springer

catalyst would not be randomly distributed along all the
external CNT surfaces but would be located preferably at
the areas with positive nanocurvature. The comparative
HRTEM analysis of reference Ni/MWCNT and Ni/AE-
MWCNT catalysts confirmed this expectation. The TEM
images presented in Fig. 7 clearly demonstrate the differ-
ence in nickel distribution. The nanoparticles (nanoparticle
aggregates) visible in low magnification TEM images
appear as dark spots randomly distributed along the CNTs
in the case of the reference 50 wt%Ni/MWCNT catalyst.
After air-etching of the support, the Ni° phase is located at
separate areas of high preference, leaving large CNT areas
(shown by swords) free of nickel. The images recorded
with the NIVJAEMWCNT catalyst at higher magnification
(Fig. 8), showed that small (~2 nm) nickel nanoparticles
selectively cover the areas with positive nanocurvature on
the external surface of the AEMWCNTSs. The graphite
nano-onions exposed on the external surface of the AE-
MWCNTs play the role of docking stations for nickel
nanoparticles, stabilizing them at high dispersion levels.
Air-etching can produce additional carboxylic groups on
the external surface of MWCNTs. These groups can anchor
nickel cations by ion-exchange, and even metallic nickel,
as a result of electrophilic attack of their protons on
valence electrons of metal atoms. This can also increase the
nickel dispersion, decreasing the nickel crystal size. In
order to verify this, the number of oxygen-containing sur-
face groups in the AEMWCNT and parent MWCNT was
measured by acid—base titration with NaOH, according to a
procedure proposed by de Jong et al. [24], after extraction
of residual nickel. The titration curves presented in Fig. 9
are evident for similar numbers of acidic surface sites
(surface carboxiles). Because of the similarity of surface
areas of both MWCNT materials (216 and 202 m?/g car-
bon) the surface concentrations of carboxylic groups in
both materials also were equal. This means that air-etching,
followed by HNOj; treatment needed for removal of the
Ca-catalyst, does not increase the surface concentration of

Fig. 7 Distribution of nickel nanocrystals (dark spots) at the surface
of carbon nanotubes: a 50% Ni/MWCNT, b 60%Ni/AEMWCNT
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Fig. 8 HRTEM images of Ni nanocrystals in 60 wt%Ni/AEMWCNT material
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Fig. 9 Titration curves of MWCNT: I AEMWCNT, 2 parent
MWCNT (the weight of CNT probe—40 mg)

carboxylic groups in MWCNTSs relative to those formed
after treatment of parent MWCNTs with HNO3, needed for
removal of the residual nickel catalyst. Therefore, the
effect of changing the distribution of nickel nanocrystals on
the surface of MWCNTs observed in Fig. 7 can be fully
attributed to the alteration of surface roughness—formation
of areas with positive curvature on the 5—12 nm nanoscale.

The effect of air-etching of MWCNTSs on the catalytic
performance of the Ni—-CNT catalyst was evaluated by
comparative testing the activity and selectivity of reference
Ni-MWCNT catalysts based on parent MWCNTSs with 25
and 50 wt% metal loading and 60 wt%Ni—~AEMWCNT
catalyst in hydrogenation of Cl-acetophenone. Selective
hydrogenation is the method of choice for reducing ketones
and especially aromatic ketones as acetophenones on a
large scale [25]. The advantage of Ni catalyst is their high
selectivity in hydrogenation of carbonyl groups with neg-
ligible saturation of the aromatic ring. Selecting the Cl-
substituted acetophenone as a substrate for catalysts testing
also allowed parallel estimation of the hydrodechlorination
function of prepared catalytic materials. The catalysts
obtained as suspensions in decaline were washed in the
glove box with isopropanol which served as a solvent for
the Cl-acetophenone substrate and inserted into the reactor
under liquid isopropanol avoiding air contact. Then the
catalysts were tested in a batch reactor at the above listed
conditions. The results are presented in Table 3. Increasing
the nickel loading in reference Ni-MWCNT from 25 to 50
wt% did not significantly change the reaction rate. This can
be rationalized as a result of decreasing nickel dispersion,

reflected by a decrease in the specific reaction rate nor-
malized per gram of active metal. Insertion of even more
metal (corresponding to 60 vs. 50 wt% nickel loading) to
the air-etched AEMWCNTSs caused about a twofold
increase of catalytic activity defined as the Cl-acetophe-
none total conversion rate normalized per gram of catalytic
material. The main reaction products were chloropheny-
lethanol and acetophenone, representing the two conver-
sion routes of the substrate: hydrogenation of the carbonyl
group and hydrodechlorination of the aromatic ring. Air-
etching of the MWCNT support had a minor effect on the
selectivity of supported nickel catalyst.

The specific reaction rate measured with 60%Ni—AE-
MWCNT material and normalized per gram of nickel did
not grow by a factor of 2 or 4 relative to that measured with
25%Ni-MWCNT and 50%Ni-MWCNT, respectively, as
could be expected based on two or four times lower nickel
crystal size, taking into account the corresponding metal
loadings. It seems that aggregation of nanocrystals densely
covering the areas with positive curvature lowers the
exposed metallic surface area compared with theoretical
values expected based on the nickel crystal size. Compar-
ison of specific reaction rates and assuming constant spe-
cific catalytic activity per 1 m* of Ni allows us to estimate
that the effective surface area of nickel nanocrystals in
60%Ni—~AEMWCNT material corresponds to the average
Ni crystal size of about 5 nm rather than 2 nm, which
followed from XRD/HRTEM measurements. But even in
spite of partial blocking of the metallic nickel surface in
aggregates, the practical effect of implementation of air-
etched AEMWCNT is very significant. Using air-etched
AEMWCNTs as a catalyst support compared with imple-
mentation of parent MWCNTs yielded an increase of the
reaction rate measured with the same amount of catalyst of
about 100% (Table 3). This reflects the strong metal-sup-
port interaction and stabilization of small nanocrystals on
the curved AEMWCNTs surface at high metal loading.
High stability of the metal- AEMWCNT catalysts against
sintering at elevated temperatures in catalytic reactions
like Fisher—Tropsch synthesis or CO, hydrogenation, that
require higher temperatures compared with that used in the
present study could also be expected.
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Table 3 Testing of reference Ni/MWCNT and 60 wt%Ni/AEMWCNT catalysts in hydrogenation of chloroacetophenone (CIAcPh)

Catalytic Ni, wt% Ni crystal ClAcPh hydrogenation rate ClAcPh hydrogenation selectivity, %
material size (XRD), nm
( ) [mmol/g cat. [mmol/g. CIPhEtOH Acetophenone
* hour] x 10° Ni * hour] x 10
Ni/MWCNT 25 4 228 912 67.2 15.6
Ni/MWCNT 50 234 468 69.2 21.0
Ni/AEMWCNT 60 463 771 64.2 26.3

Testing conditions: batch reactor; T = 100 °C, Py, = 30 atm, starting reaction mixture: 0.3 g ClIAcPh in 12 mL of i-PrOH

Conclusions

The selective catalytic combustion of carbon in MWCNTSs
at the contact interface with 15-17 nm particles of a
CaCOgj; catalyst caused coarsening of graphitic layers due
to formation of carbon nano-onions. This yielded inden-
tations with 5-12 nm positive curvature diameters at the
surface of the MWCNTs after burning off 45-50% of the
carbon that converted the structure of the MWCNTs mul-
tilayered graphite walls to aggregates of graphite onions
5-12 nm in size. This created high surface concentration of
“docking stations” for nanoparticles of the guest catalytic
nickel phase. Stabilizing of aggregates of 2 nm nickel
nanocrystals at the surface of air-etched AEMWCNTS at
high nickel loading (60 wt%) allowed an increase in the
catalytic activity of Ni-MWOCNT material prepared by
ultrasonical deposition by a factor of about 2.
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