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Enhanced Catalytic Activity for Methanol Electro-
oxidation of Uniformly Dispersed Nickel Oxide
Nanoparticles—Carbon Nanotube Hybrid Materials
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Eckhard Pippel, Lianbing Zhang, and Mato Knez*

Hybrid materials consisting of carbon nanotubes (CNTs) as
support for metal oxide nanoparticles, often show extraor-
dinary properties and are considered highly promising
for numerous future applications such as electrochemical
power sources,['21P] photocatalysis,['*! flexible piezoelectric
generators,'9 field-emission displays,['®] and sensors.'l Two
general strategies are commonly being applied for synthe-
sizing such hybrid nanostructures: grafting bi-functional
organic linkers to pre-synthesized nanoparticles and subse-
quently linking those nanoparticles to CNTsl?l or growing
nanoparticles directly on CNTs by means of colloid chem-
istry.[’] In both cases, the strategies rely on initial modification
of pristine CNTs. Even after modification, it is challenging
to obtain highly dispersed nanoparticles with a uniform size
distribution and without introduction of impurities on CNTs.
However, both the size and the dispersion of metal oxide
nanoparticles on the walls of CNTs, play a crucial role for the
performance of such 1D hybrid nanostructures if catalysis is
pursued. Simple and effective approaches for the controllable
synthesis of such hybrid nanostructures, alternative to the
above-mentioned, are desired for an optimized performance
of the nanomaterials and are essential for future applications.
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Atomic layer deposition (ALD) is a deposition method which
allows growth of dense thin films with atomic-level precision
in a layer-by-layer manner, but in certain circumstances also
results in the growth of discrete nanoparticles.*! The method
is very sensitive to the surface chemistry of the substratel”]
and the deposition temperature.[% Properly controlled, those
parameters will turn ALD into a promising route for a con-
trollable synthesis of nanoparticle/CNT hybrid structures
with high precision. Eventually, catalysts with high perform-
ance may be obtained.

In recent years, several methods have been reported
for the fabrication of NiO/CNT hybrid material for use as
advanced electrocatalysts due to its unique hybrid structure,
large surface area, and high electrochemical activity.” How-
ever, it is still difficult to permit precise control of the size of
the deposited NiO nanoparticles at the sub-nanometer level
while preserving the homogeneity; thus there have been no
reports of the controllable construction of NiO nanoparticles
supported on pristine CNTs by ALD. It is commonly accepted
that, due to the lack of dangling bonds, it is difficult to directly
deposit metal oxides on pristine CNTs, in particular at low
temperatures.l’! An advance modification of CNTs is the
method of choice for the successful growth of nanoparticles
atop.l’l For example, Sun et al. reported that the deposition of
ultra-fine SnO, nanoparticles by ALD can only be performed
if the carbon nanotubes are highly nitrogen-doped.[® Park et
al. found that, due to the chemical inertness of CNTs, a ZnO-
ALD process will lead to nanoparticles growing on defect
sites and/or impurities of single-walled CNTs only.[?! Hwang
et al. showed that by ALD, ZnO nanoparticles could be
deposited on a forest of single-walled CNTs if those show a
small amount of oxygen- or hydroxyl-containing defects and/
or impurities on their walls.’! In this work, we apply ozone
as one ALD precursor. Compared to water, which is fre-
quently used as an oxygen source in ALD processes, O; is a
strong oxidizing agent, which effectively provides functionali-
zation of pristine CNTs. In this way, an advance modification
of CNTs is avoided, and the functionalization of the CNTs
occurs simultaneously as the nanoparticle deposition. O5 acts
both as agent for defect site formation as well as counter-
precursor for the ALD process; hence the formation of the
hybrid material becomes more simplified. Alternated with a
nickel precursor, a controllable deposition of discrete NiO
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Figure1. TEMimages of A) pristine CNTs and B) NiO nanoparticles on CNTs grown after 400 ALD
cycles (inset shows the SAED pattern). C) HRTEM image of a NiO/CNT hybrid nanostructure
after 400 ALD cyclesand of D) the area boxed region in (C) at higher magnification showing
the {200} and {111} planes of cubic NiO. HRTEM image at lower magnification of E) pristine

CNTs and F) a NiO/CNT hybrid nanostructure after 400 ALD cycles.

nanoparticles on pristine CNTs at moderate temperatures is
realized. The NiO nanoparticles are highly dispersed on the
walls of CNTs, and their sizes are controlled by the ALD
process parameters. The obtained unique NiO/CNT hybrid
structures exhibit outstanding performance in catalysis, which
is demonstrated by the electro-oxidation of methanol.
Pristine multi-walled CNTs (MWCNTs, purchased from
Sigma Aldrich) with diameters in the range of 12-26 nm
(Figure 1A) were used as the substrate for the growth of
NiO nanoparticles. The ALD process was performed with
bis(cyclopentadienyl) nickel (Cp,Ni) and O; as the Ni pre-
cursor and oxygen source, respectively. The deposition
was conducted with a substrate temperature of 140 °C.
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Figure 1B shows a typical transmission
electron microscopy (TEM) image of the
obtained NiO nanoparticle/CNT hybrid
nanostructures, exhibiting a uniform dis-
persion of discrete NiO nanoparticles
on the CNTs. The diffraction rings in the
selected area electron diffraction (SAED)
pattern (inset in Figure 1B) of the nano-
particles can be indexed to the cubic phase
NiO (Joint Committee on Powder Diffrac-
tion Standards (JCPDS) 4-0835). High-
resolution TEM (HRTEM) investigations
were conducted in order to investigate the
crystalline structure of the NiO nanopar-
ticles. Figure 1C reveals that the discrete
NiO nanoparticles have an average particle
size of 4.9 nm. The interplanar spacing of
2.08 and 2.41 A (Figure 1D) matches well
with the (200) and (111) plane of cubic
NiO, demonstrating that the supported
nanoparticles are indeed NiO nanocrys-
tals. Furthermore, varying the number of
ALD cycles can be used to very comfort-
ably control the size of the NiO nanoparti-
cles. For example, the average NiO particle
diameters measured by TEM are 1.5, 3.3,
4.9, and 6.3 nm after 100, 200, 400, and 600
cycles, respectively (Figure S1, Supporting
Informaiton (SI)). The standard deviation
of the size of NiO nanoparticles is 0.1, 0.1,
0.2, and 0.2 nm for 100, 200, 400, and 600
ALD cycles, respectively, indicating that
high uniformity in the particle size can
be maintained during the nucleation and
growth of the nanoparticles (Figure S2, SI).
In order to observe the dispersion and uni-
formity of NiO nanoparticles supported on
CNTs, HRTEM images of pristine CNT's
at low magnification (Figure 1E) and NiO/
CNTs hybrid structure (Figure 1F) were
obtained. It can be seen that NiO nano-
particles having a uniform size distribution
and high-quality dispersion throughout
the entire surface of the CNTs can be
achieved.

A plausible reaction mechanism for
the ALD of NiO on CNTs is schematically illustrated in
Figure 2. It was demonstrated that MWCNTs exhibit a large
number of carbonaceous debris on their surface, which is dif-
ficult to be characterized, but significantly interferes with the
functionalization.'¥] In the first step, O; will preferentially
oxidize these carbonaceous debris on the outer wall of the
CNTs.["!l This oxidation effect may be enhanced from the
fact that the n-electron density at the concave interior sur-
face and the convex exterior wall of the CNTs is different
due to the curved tubular structure.'l The shift in electron
density favors the attack of the strongly oxidizing agent and
permits the creation of defect sites. In the Fourier transform
infrared (FTIR) spectrum of pristine CNTs (Figure S3, SI),
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Figure 2. Schematic illustration of the proposed ALD growth initiation of NiO nanoparticles

on a CNT.

three obvious peaks appearing between 2850 and 3000 cm™
can be assigned to the C—H stretching in pristine CNTs.[3]
These disappear after the O; treatment. On the other
hand, the peak at around 3300 cm™, characteristic for O-H
stretching, becomes more pronounced after the O; treatment,
indicative of more oxygen being available on the walls of the
ALD-treated CNTs. Raman analysis (Figure S4, SI) of all
investigated CNTs display two bands centered around 1360
(D band) and 1585 cm™! (G band), which is characteristic for
CNTs.['Y The small shoulder at ~1620 cm™! is attributed to
the D’ band. It is noticeable that the absolute intensity of D
and G bands increases with the number of
ALD cycles indicating that more defects
and more roughness are produced in the
CNT samples during the process. After
500 cycles, a strong attenuation of the
Raman signal is observed. A close exami-
nation of the Raman data shows that
the ALD treatment induces subtle but
important changes in the Raman modes
of the CNTs. In particular, post-ALD
modes were found to shift by 2-3 cm™ to
higher wavenumbers. A similar shift was
observed earlier by Osswald et,al., which
was ascribed to the oxidation of CNTs.[”]
This shift is associated with a narrowing of
Raman modes and can be clearly observed
in the Raman spectra normalized with
the G band (Figure S5, SI). Note that
the D’ band is expressed more strongly
after ALD processing, which is due to
the sharpening of the G band simultane-
ously to an increase of the D-to-G-band-
intensity ratio (Figure S5, SI), thereby
providing additional evidence of oxidation
and defect formation. These highly disper-
sive defects and oxygen-containing active
sites are likely to become anchoring sites
for the Ni precursor chemisorption. Upon
adsorption, initially the two cyclopenta-
dienyl groups of the Cp,Ni molecule will
guide the dispersion of the adsorbed mol-
ecules, due to steric effects. Subsequently,

NiO Seed
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O; will react with the Ni precursor to form
highly dispersed NiO seeds at moderate
temperatures. Because the density of sur-
face anchoring sites is not high enough
to allow the ALD precursors to react
uinformly with the substrate, an island
growth mode is favored.l') In this case,
deposition occurs preferentially onto the
NiO seeds already deposited in preceding
cycles, which will continue to grow to NiO
nanoparticles with an advancing number
of ALD cycles.

The change of the surface state of
the NiO/CNT hybrid structure can be
observed by mapping intermediate states
of the nanostructures with energy-disper-
sive X-Ray spectroscopy (EDX). Figure 3A shows a typical
scanning TEM (STEM) high-angle annular dark-field image
of the NiO/CNT hybrid structure, where the bright features
show NiO. Figure 3B-D show EDX maps of carbon, nickel,
and oxygen, respectively. Figure 3 is indicative of the forma-
tion of numerous defects and oxidized sites on the wall of
the pristine CNTs during the O; treatment. The active sites
are uniformly distributed on the walls of pristine CNTs due
to the extreme integrity and smoothness of the surface of
pristine CNTs. Those defects act as nucleation sites for the
formation of NiO nanoparticles in a well-dispersed manner

Figure 3. Element analysis of a NiO/CNT nanostructure. A) High-angle annular dark-field
STEM image. B-D) Elemental maps of the boxed area in (A) for carbon (B), nickel (C), and
oxygen (D).
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as shown in Figure 3C and D. Hence, the NiO nanoparticles
resulting from the next processing step are also highly dis-
persed. The element composition of a catalyst is an important
issue for its performance. In this work, we want to charac-
terize the NiO/CNT hybrid, and therefore the composition of
the metal oxide is of great relevance. The element content of
Ni and O was measured to be 79.3 and 20.7 wt% by point
analysis on the CNT wall, respectively (Figure S6, SI). This
result is different from Bachmann’s observation,!’l where
the obtained nickel oxide film without the CNT support is
nickel-deficient consisting of 76 wt% Ni and 24 wt% O. The
reason for the difference can possibly be attributed to the
temperature applied for the ALD process, which in our case
is lower than that in Bachmann’s work. The reactivity of O; at
the temperatures applied in this work is relatively low, which
leads to fewer defects in NiO nanocrystals.

NiO nanomaterials are important subjects of investi-
gation in the fields of microelectronics,'®! electrochemical
powering,™! and biosensorics.?’l One very important charac-
teristic of NiO is its activity as a catalyst for the oxidation of
alcohols in fuel cells.?!] The mechanism of the electro-oxida-
tion of methanol over NiO is shown below:[?]

NiO + OH™ — NiOOH + e~ 1)
NiOOH + CH3;0H — Ni (OH), + Product ©)
Ni (OH), + OH™ — NiOOH + H,0 + e~ 3)

Pure NiO possess inferior electro-

small

NiO/CNT hybrids increases with the NiO particle size until
it reaches a maximum at around 4.9 nm. The electrochemical
activity of NiO nanoparticles increases gradually by 2.3 times
with the particle size growing from 1.5 to 4.9 nm and then
decreases sharply when the particle size exceeds 4.9 nm. The
very evident nanosize-effect of the NiO nanoparticles may be
related to the differing number of defects on the crystalline
face and the dispersion of the NiO nanoparticles in their var-
ying sizes.[’l The electrochemical activity of the 4.9 nm NiO/
CNT sample is about 88 times higher than that of commercial
NiO nanopowder (<50 nm), about 23 times higher than the
NiO/CNTs reported by Lin et al.,? and 10 times higher than
the NiO/CNTs reported by Nam et al.?®l We attribute this
outstanding performance to the higher dispersion and uni-
formity of the NiO nanoparticles of the NiO/CNTs samples
in our case.

In order to evaluate the electro-catalytic activity of NiO/
CNT hybrid structures in terms of electro-oxidation of meth-
anol, CVs were collected in a N,-saturated solution of 1 M
KOH containing 0.5 m CH;OH at a scan rate of 50 mV/s.
Figure 4C shows typical CVs of a NiO/CNT hybrid with a
glassy carbon electrode, modified with 400 ALD cycles, in the
absence and presence of methanol. The plot shows that the
electro-oxidation of methanol over NiO/CNT hybrid nano-
structures occurs with a high current value near 0.45 V. The
1D NiO/CNT hybrid structures can easily form a porous net-
work, which can effectively facilitate the ion transport into
the modified electrode and significantly increase the reactive
surface area. As a result, the NiO/CNT hybrid nanostructures
exhibit high performance in the electro-catalytic oxidation

chemical activity because of its poor elec-

500 |-
trical conductivity; therefore supporting ol AN (B) 7
substrates with high conductivity, stable h 5. — anof
physical and chemical properties, and high [ %D
specific surface area are needed to enhance £ T g‘m r
the eletrocatalytic performance of NiO 1300 I _§ "
nanomaterials. From thermogravimetric- 3 =
differential thermal analysis (TG-DTA) el e qg) wol
analysis (Figure S7, SI), the loading of NiO e |® /
nanoparticles on CNTs is 6, 13, 26, and 40 T Ry ok - . : . ; !
wt% for NiO after 100, 200, 400, and 600 Potential/V vs. Ag/AgCl Particle size/nm
cycles, respectively. Figure 4A displays 3 —
cyclic voltammograms (CV) of different ol (©) P (D) :j commercial o
NiO/CNT samples measured at a scan B 0:2 Mimsthane! d. NIO/CNT-200
rate of 50 mV/s. The sharp anodic peak at b 2 w
0.35 V is related to the oxidation of NiO g sl E
to NiOOH, and the sharp cathodic peak at § g A |
about 0.28 V is due to the reverse process. 3 3 d
The insert of Figure 4A shows a pair of b
broad anodic and cathodic peaks for com- ° o=
mercial NiO nanopowder. It is obvious that . . .

L . . 0.0
in direct comparison, the electrochemical

activity of the NiO nanomaterials is better,
which can be directly associated with the
supporting CNTs. The oxidation peak cur-
rent versus the mass of loaded NiO, as a
function of the particle size, is shown in
Figure 4B. The electrochemical activity of
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Figure 4. A) Cyclic voltammograms of different NiO/CNT samples in 1 m KOH solution at a
scan rate of 50 mV/s.B) The oxidation peak current density as a function of the NiO particle
size. C) Typical cyclic voltammograms of a NiO/CNT-400 sample (where the number refers to
the number of ALD cycles) in 0.5 m methanol +1 m KOH solution at a scan rate of 50 mV/s.
D)Chrono-amperometry of various NiO samples in 0.5 m methanol +1 m KOH solution at the
potential of 0.45 V.
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of methanol. The CVs of further NiO/CNT hybrid-modified
glassy carbon electrodes in the presence of methanol are
shown in Figure S8, SI. Chrono-amperometry profiles of
both the NiO/CNT hybrid structures and commercial NiO
nanopowder at 0.45 V were recorded in a N,-saturated solu-
tion of 1 M KOH containing 0.5 m CH;OH for a duration of
3600 s. Figure 4D shows that the stable-state current decay
rate of the NiO/CNT catalysts is at least 4 times slower than
that of the commercial NiO nanopowder, indicating that the
NiO/CNT hybrid structure possesses good tolerance against
reaction intermediates and may be applicable for long-term
application as anode material in fuel cells. The enhanced sta-
bility results from the stronger interactions between the NiO
nanoparticles and CNTs due to the presence of chemical
bonds, which prevent the NiO nanoparticles from dissolution,
Ostwald ripening, and aggregation.[?]

In conclusion, we have developed a simple and effective
route for the synthesis of NiO nanoparticles with good crys-
tallinity and uniform dispersion on pristine CNTs by ALD.
Ozone is used as one of the two precursors and acts both as
oxidizing agent for the CNTs and as oxygen source for the
NiO growth. The sizes of the NiO nanoparticles range from
1.5 to 6.3 nm and can be precisely controlled by varying
the number of ALD cycles. In the given size range, the size-
dependency and mass electrochemical activity of the redox
reaction of NiO in KOH solution is determined. Compared
to commercial NiO nanopowder and the results reported by
Asgari et al,l’d the obtained NiO/CNT hybrid nanostruc-
tures show greatly enhanced electrochemical catalytic ability
and stability for a methanol oxidation reaction. Our synthesis
route is not specific for NiO and can be adapted to produce
further metal oxide/CNT hybrid nanostructures, promising a
large bandwidth of materials for catalytic methanol oxidation
or other advanced catalytic reactions.

Experimental Section

ALD was carried out in a home-made hot-wall closed chamber-
type ALD reactor (Halle, Germany) equipped with a quartz crystal
microbalance that combines a low-vacuum system based on a
rotary vane pump, utilizing N, as a precursor carrier and purge
gas at a pressure of 2 Torr. The O; was produced using an O;
generator (Ozone Engineering L11), and the temperature of the
bis(cyclopentadienyl)nickel(ll) precursor was maintained at 80 °C.
The deposition was conducted with a substrate temperature of
140 °C. In the first step, MWCNTs were dispersed into absolute
ethanol under sonication for 5 min. Subsequently, suspensions of
carbon nanotubes were dispersed by spin-coating and dried on a
Si wafer. The sample was transferred to the ALD chamber for the
NiO nanoparticle growth. The pulse, exposure, and purge times for
the bis(cyclopentadienyl)nickel(ll) precursor were 1, 2, and 2 s,
respectively, and for the O, 1, 10, and 5 s, respectively.

The electrochemical experiments were controlled with a 263A
potentiostat/galvanostat (Princeton Applied Research). The NiO/
CNT glassy carbon (NiO/CNT-GC. Caution: NiO nanoparticles
are highly toxic,!2¢l please obtain special instruction before use.
Wear protective gloves if exposed or concerned) electrode was
prepared as follows. A glassy carbon (GC) electrode (3 mm in

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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diameter, 7 mm?) was carefully polished with 0.3 um and sub-
sequently with 0.05 um alumina on polishing cloth, then ultrasoni-
cated in 0.1 m HNO; for 3 min, and finally washed with acetone.
NiO samples (1 mg), 5 wt.% Nafion solution (10 puL), and ethanol
(1.0 mL) were mixed by ultrasonication. The as-prepared mixture
(10 puL) was then transferred onto the polished GC electrode with
a syringe, and dried in air. A Pt wire electrode and a Ag/AgCl elec-
trode (A. ). Cope & Son Ltd, double-junction, saturated KCl) were
utilized as the counter electrode and the reference, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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