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The chemical inertness of graphite and, in the case of tubes, of rolled up few layer graphene sheets,

requires some degree of ‘‘defect engineering’’ for the fabrication of carbon based heterostructured

materials. It is shown that atomic layer deposition provides a means to specifically label anchoring sites

and can be used to characterize the surface functionality of differently treated carbon nanotubes. Direct

observation of deposited titania by analytical transmission electron microscopy reveals the location and

density of anchoring sites as well as structure related concentrations of functional groups on the surface

of the tubes. Controlled functionalization of the tubes therefore allows us to tailor the distribution of

deposited material and, hence, fabricate complex heterostructures.
Introduction

Atomic layer deposition (ALD) provides an elegant, efficient and

well controllable way to coat high aspect ratio nanostructures

with a homogeneous and conformal film of precisely defined

thickness.1–3 As such, it is ideally suited for the fabrication of

complex heterostructures and functional materials.4–6 Due to

their outstanding properties, carbon nanotubes (CNTs) consti-

tute ideal components for such heterostructures. As a matter of

fact, ALD has already been successfully applied for the coating

of CNTs.7–16 However, since the initiation of film growth requires

the presence of functional surface groups and defect sites that act

as anchoring and nucleation sites,17,18 the inert nature of high

quality tubes with a graphitic surface leads to non- or incomplete

coating. Depending on the density and nature of functional

surface species principally two ALD growth modes can be

expected.3 If the density of surface anchoring sites is high enough

to allow the ALD precursors to react completely with the

substrate, a 2D growth mode is favored. Otherwise, an island

growth mode is favored. In this case, deposition occurs
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preferentially onto the ALD material already deposited in

preceding cycles. In intermediate cases, the growth mode may be

first island growth, and when the islands have coalesced to form

a continuous layer, 2D growth may occur. Therefore, controlled

tailoring of the type, degree and density of functionalization of

the CNT surface would allow tuning the coating from selective

decoration up to fully coated. This is certainly of interest for

applications requiring functional materials based on hetero-

structured CNTs. Principally, two types of surface functionali-

zation can be distinguished: covalent and non-covalent. The

most commonly employed prior to ALD is the covalent func-

tionalization by treatment of pristine CNTs with mineral acids

such as HNO3 or other strong oxidizing agents (e.g. O3). It

permits generation of oxygenated functional surface groups such

as alcohol, ketone, ether, carboxylic acid and ester, which paves

the way to an endless possibility of further attachment.19,20 On

the other hand, non-covalent functionalization is mainly based

on supramolecular complexation using various adsorptive and

anchoring forces, such as van der Waals and p–p interactions,

hydrogen bonding and electrostatic forces. As a prominent

example, defect free suspended SWCNTs could be conformally

coated with Al2O3 by ALD, after a NO2 pretreatment. In this

case, NO2, which reversibly physisorbs on the SWNTs, acts as an

anchoring site for further oxide growth.12,13

The study of the location of defects on CNTs was already

carried out using different approaches either for labeling or for

monitoring. Labeling can be pursued by several techniques such

as electrodeposition,21 nanoparticle attachment in solution22,23

and exposure to gas phase reactants.24 Each of these techniques

shows some limitations in terms of accuracy; nanoparticles can

be also deposited onto an unfunctionalized part of the nanotube

and not all of the functional groups would react with a nano-

particle, or in the case of processing, electrodeposition requires
J. Mater. Chem., 2012, 22, 7323–7330 | 7323
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Table 1 Characterization of the CNTs used in this work: carboxylic acid
and phenol concentration determined by acid–base titration with NaOH
(in mmol g�1), total oxygen concentration determined by XPS and D/G
ratios calculated from Raman spectra. Data taken from ref. 24

Sample name Carboxylic acida Phenolsa O/Cb ID/IG
c

CNT700 130 180 0.099 3.6
CNT1500 27 32 0.12 1.0
CNT3000 0 18 0.05 �0
CNT700D 0 22 0.011

a Determined by acid–base titration. b Measured by XPS. c Calculated
from Raman spectra on CNT materials prior to acid treatment.
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the CNTs to be contacted at multiple positions by lithography,

for example. Furthermore, monitoring defects by spectroscopy

techniques e.g. Raman25 or photoluminescence23 does not offer

a spatial resolution high enough to map the defects at the

nanometre scale. Alternative techniques that provide atomic

resolution such as STM or AFM are limited in the study of

complex nanostructured materials and allow only scanning

a small region of the sample.21,22

In this manuscript we will demonstrate that ALD, in combi-

nation with high resolution and analytical transmission and

scanning electron microscopies, appears as the technique of

choice to map anchoring sites on nanostructured supports and to

study the distribution of functional groups as a function of

structure and functionalization treatment.
Experimental section

Carbon nanotube chemical treatments and chemical

characterizations

Stacked-cups carbon nanotubes were purchased from Pyrograf

Products (USA). The CNTs were synthesized by catalytic

chemical vapor deposition (CCVD) using the floating catalyst

method described in detail elsewhere.26 Briefly, CH4 and Fe(CO)5
were fed simultaneously in a horizontal reactor maintained at

1100 �C. The thermal decomposition of the iron precursor

generated iron nanoparticles which subsequently catalyzed the

growth of the nanotubes. Because of the high reaction temper-

ature, methane was also decomposed thermally (pyrolysis) on the

CNTwalls, leaving a relatively thick layer of disordered pyrolytic

carbon.

After synthesis, the CNTs were heat treated in inert atmo-

sphere at either 700 �C (product PR24-PS), 1500 �C (PR24-LHT)

or 3000 �C (PR24-HHT) in order to graphitize the layer of

pyrolytic carbon, hence decreasing the density of structural

defects in a controlled manner. The CNTs exhibit average outer

and inner diameters of 85 and 40 nm, respectively, independently

of the applied annealing temperature. The three commercial

products were subsequently oxidized with concentrated nitric

acid (70%) at 100 �C for 10 h. The temperature was deliberately

kept low, significantly under the boiling point of HNO3 (120
�C)

in order to prevent any structural damage to the CNTs which

could modify their structural properties. The mixture was then

allowed to cool down to room temperature and the functional-

ized CNTs were filtered and rinsed with 1 L distilled water. For

the sake of clarity, the oxidized PR24-PS, PR24-LHT and PR24-

HHT samples were labeled CNT700, CNT1500 and CNT3000.

Part of the CNT700 sample was further heat treated in Ar at

800 �C to remove a fraction of the oxygen-containing functional

groups. This sample was labeled CNT700D (defunctionalized).

With increasing annealing temperature, the degree of graphiti-

zation of the surface rises and as a consequence, the impact of the

classic nitric acid treatment on the functionalization of the wall

surface is altered. The TG-MS and XPS characterizations

revealed that the formation of carboxylic acid and anhydrides,

which typically are the most abundant functional groups for this

kind of oxidizing treatment, seems to be disfavored when the

structural order of the carbon material increases (Table 1).27 As

a consequence, the pH of aqueous dispersions of CNT700 and
7324 | J. Mater. Chem., 2012, 22, 7323–7330
CNT1500 increases, and the CNT3000 solution eventually turns

basic. In addition, the concentration of surface functional groups

created during the HNO3 treatment decreases when increasing

the graphitization temperature, as a result of the lower defect

density (as observed from the evolution of the D/G ratio in

Raman spectra, cf. ref. 27 and Table 1). An alternative modifi-

cation of the nature and density of surface groups was achieved

through a partial defunctionalization of the CNT700 sample in

Ar at 800 �C. This post-treatment removes 89% of the oxygen, as

determined by XPS, but without significant increase of the defect

density.27
Atomic layer deposition and structural characterizations

Titanium dioxide was deposited simultaneously on the CNTs

exposed to the various treatments and on a silicon wafer. The

latter was used as a reference substrate for film thickness

measurement. Prior to the ALD, CNTs were deposited by drop-

deposition on a silicon wafer from dispersions in ethanol. In

order to remove the ethanol adsorbed at the surface of the CNTs,

the samples were treated at 200 �C at 1 mbar under a stream of

nitrogen for 15 min inside the ALD chamber prior to the first

deposition cycle. The four types of carbon material were inserted

and coated at the same time, in the same chamber, in order to

have exactly the same deposition conditions. Titanium isoprop-

oxide and acetic acid were used as metal and oxygen sources,

respectively. The depositions took place at 200 �C in an ALD

reactor operated in exposure mode. Metal precursor and acetic

acid were introduced subsequently by pneumatic ALD valves

from their reservoirs, which were kept at 80 and 30 �C, respec-
tively. Pure nitrogen was used as a carrier gas at a constant flow

rate of 5 sccm. The ALD valves were opened for 0.03 and 1.2 s

for the oxygen source and titanium precursor, respectively. The

residence time after each precursor pulse was set to 20 s, followed

by a nitrogen purge for 15 s. In order to study the nucleation of

the oxide and to monitor the growth behavior as a function of the

density of functional surface groups, different numbers of ALD

cycles were realized in order to deposit various thicknesses. The

number of cycles was chosen between 25 and 1000 with

a nominal growth per cycle (GPC) of 0.6 �A.28

The thickness of the as deposited titanium dioxide films on the

wafer substrates was measured by X-ray reflectivity (XRR) using

a Philips X’Pert MRD X-ray diffractometer with a copper

radiation and a graphite monochromator for the selection of

pure Ka radiation. The X-ray tube was operated at 20 kV and
This journal is ª The Royal Society of Chemistry 2012
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20 mA. A 1 mm slit was used in order to reduce the scattered X-

ray intensity. Measurements were performed in a low-resolution

experimental set up with the following instrumental configura-

tion: divergence slit at the incident beam: 1/8 in.; step width:

0.01�; and acquisition time: 1 s.

CNTs were characterized before and after ALD of TiO2 by

high-resolution transmission electron microscopy (HRTEM)

and scanning transmission electron microscopy (STEM) using

a JEOL JEM-2200FS, a Hitachi H9000 and a Philips CM200

FEG microscope. Electron energy loss spectra (EELS) were also

recorded from the coated carbon nanotubes. Scanning electron

microscopy (SEM) images were recorded using a FEG-SEM

Hitachi SU-70 microscope operating at 4 kV with a working

distance of 2–3 mm. SEM and TEM investigations were carried

out on copper TEM grids with a holey carbon support film. The

samples were deposited by dipping the TEM grids into dry

powder.
Results and discussion

Commercial stacked-cup CNTs possess several main advantages

over other nanocarbons for the present work and were therefore

chosen as a starting material. First, the as-grown CNTs are

wrapped with a layer of pyrolytic carbon which finds its origin in

the particular synthesis conditions of these CNTs. This layer

consists of small graphene sheets, so-called basic structural units

(BSUs), which are only a few nm in size. They are interconnected

by sp2 and sp3 carbon chains and assembled in concentric layers.

From a structural and chemical point of view, the layer of

pyrolytic carbon can be seen as a model surface representative of

various nanocarbons such as carbon nanofibers, SWCNTs and

MWCNTs, which allows us to extend the scope and the impact of

this work. Tessonnier et al. used the same stacked-cup CNTs as

a model material to develop a technique to selectively deposit

metal particles either inside or outside CNTs.29 This selective
Fig. 1 HRTEM images of the different CNTs prior to TiO2 ALD. CNT700

treatment (e and f).

This journal is ª The Royal Society of Chemistry 2012
deposition technique has been successfully employed by different

groups on various CNTs since then.30–32 Secondly, the layer of

pyrolytic carbon exhibits a high concentration of structural

defects (see below) which can be tuned by annealing in an inert

atmosphere (graphitization). Therefore, these materials offer

a large playground to study the effect of the defect density and of

the surface chemistry on the ALD. Finally, it was demonstrated

thatMWCNTs exhibit a large number of carbonaceous debris on

their surface, which are hard to characterize, but which signifi-

cantly interfere during the functionalization,33 or the use of the

MWCNTs in catalytic reactions.34 In contrast, the surface of the

stacked-cup CNTs is well defined.27

The high resolution transmission electron micrographs

(HRTEMs) nicely show the evolution of the structural defects

and of the graphitization as a function of annealing temperature

(cf. ref. 35). The CNT700 is characterized by a structural disorder

of the outer and inner surface layer of the tubes (Fig. 1a and b).

The annealing at 1500 �C prior to the nitric acid treatment leads

to the appearance of some connections between the inner rims of

subsequently stacked cups (see arrow) and only a thin layer of

structurally ill defined carbon is present on the exposed graphitic

faces of the outer wall (Fig. 1c and d). Finally the annealing at

3000 �C results in a straightening of the graphitic sheets and

highly graphitized walls which show connections between

stacked cones, forming steps on the inner and outer surface

which are decorated with some defective fullerene-like carbon

(Fig. 1e and f), which is not observed after nitric acid treatment

and ALD coating (see below). SEM images of the uncoated tubes

are presented in Fig. SI10 in the ESI†.

The ALD of various metal oxides onto the CNT700 was

recently reported. Briefly, it was shown that TiO2, V2O4 and

HfO2 form a conformal and homogeneous amorphous film at

deposition temperatures in the range between 50 and 250 �C.9,10

On the other hand, it was found that the ALD of SnO2 forms

a granular film composed of sub-5 nm nanoparticles.11 In this
(a and b), CNT1500 (c and d) and CNT3000, the latter before nitric acid

J. Mater. Chem., 2012, 22, 7323–7330 | 7325
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Fig. 2 (a) Shows the part of a TiO2 coated CNT from where the EELS signal was recorded (film thickness� 16 nm). The recorded intensity is shown in

(b) as a three-dimensional plot in the energy dispersive plane. It nicely reveals the development of the C-K, Ti-L and O-K edges across the tube. The

EELS spectra abstracted from the coating (red) and from a region where signal is due to the film on the top and bottom surface plus the CNT walls

(black) are shown in (c).
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particular case, HRTEM studies revealed that the particulate

film formation can be attributed to the property of SnO2 to

directly form crystalline nanoparticles during the deposition,

even at temperatures as low as 150 �C. Indeed, the same partic-

ulate growth pattern was obtained for SnO2 on silicon wafers

passivated with native silicon oxide. However, independent of

the metal oxide that was deposited on the tubes, it was generally

observed that no growth occurs on exposed graphitic planes. It

can therefore be concluded that the initiation of film growth

requires defects and anchoring sites at the surface of the tube.
Fig. 3 Overview TEM images of CNTs coated with TiO2 by ALD. (a) CNT7

CNT700D (100 cycles).

7326 | J. Mater. Chem., 2012, 22, 7323–7330
For the present study, TiO2 ALDwas chosen for the coating as

it is known to lead to a very homogeneous growth of an amor-

phous film on the CNT700 and is therefore expected to be most

suitable to detect small variations in the distribution of

anchoring sites at high spatial resolution.

In order to analyze the chemical composition and purity of the

deposited metal oxide, electron energy loss spectrometry (EELS)

was used.9 Intensity of the EELS spectrum recorded across the

diameter of a coated tube and spectra abstracted at different

positions are shown in Fig. 2. The figure reveals the development
00 (100 cycles), (b) CNT1500 (50 cycles), (c) CNT3000 (50 cycles), and (d)

This journal is ª The Royal Society of Chemistry 2012
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of the Ti-L, O-K and C-K signal across the tube. Due to the high

ionization cross-section for the carbon 1s electrons, EELS is very

sensitive to carbon. This is evident from the spectrum corre-

sponding to the central region of the tube, where the integrated

area of the carbon signal dominates the spectrum. In the surface

region, on the other hand, the spectrum shows a small carbon

signal. Elemental quantification of the spectrum abstracted from

the surface region reveals a carbon content of less than 5%. This

is a rough estimate for the upper limit of carbon in the film since

some carbon signal might also be due to the close proximity of

the tube walls plus contamination due to exposure to ambient

air. The shape and intensities of the Ti and O features in the

EELS spectra fit to TiO2. It must be stressed here that the shape

and intensity of ionization edges in EELS are very sensitive to the

local chemical surrounding of the ionized species. The corre-

spondence of the shape to what is expected for TiO2 therefore

speaks for a high purity of the as-deposited film.

In each ALD deposition, the four differently functionalized

tubes were coated simultaneously in the same chamber. As

expected, a homogeneous thin film growth was observed on the

surface of CNT700. This is shown in Fig. 3a for a film obtained

after 100 ALD cycles. Slight variations of the contrast in the

central region are due to the projection of thickness variations

(dents and hills) and structural inhomogeneities in the amor-

phous carbon layer of the tube wall. The latter can be nicely seen

on the outer surfaces of the wall. Contrast variations seen in the

central region might also be due to inhomogeneities of the film

itself. However, when looking at the surface regions where the

electron beam passes perpendicular to the surface normal of the
Fig. 4 HRTEM (a) and SEM (b) images recorded from the CNT1500 coate

HRTEM and HAADF-STEM images recorded from tubes coated during 10

This journal is ª The Royal Society of Chemistry 2012
graphitic walls, the titania film is visible as a thin layer of darker

contrast on the inner and outer surface of the tube. It follows

smoothly all the hills and valleys of the tube surface in

a conformal way and with relatively constant thickness (see

arrow in Fig. 3a). SEM images for CNT700 coated with 65 TiO2

ALD cycles support these findings (Fig. SI1†). The homogeneous

contrast indicates a very smooth coating of the surface, which is

only interrupted by occasional defects in the film (cf. also the

SEM image of the uncoated tube in Fig. SI10a†). As compared to

the morphology of the film on the CNT700, the TEM image of

the CNT1500 reveals a more granular aspect (Fig. 3b). Indeed,

a pronounced particulate structure can be seen on the inside and

outside walls of the carbonmaterial. The surface of the CNT3000

is characterized by steps running around the tube surface

(cf. Fig. 1e and f). TEM investigation after ALD deposition

reveals that the highly graphitic walls remain mostly uncoated,

whilst TiO2 deposition and growth can be observed at the cone

edges (Fig. 3c). Finally, the coating of the CNT700 after partial

defunctionalization (CNT700D) appears more granular than in

the case of the CNT700 (Fig. 3d). As expected, this is a result of

a reduction in the oxygen containing surface groups and hence,

a reduced availability of anchoring sites.

At higher magnification, HRTEM imaging confirms the

different and more granular aspect of the films grown on the

CNT1500, CNT3000 and CNT700D tubes (Fig. 4–6 and ESI†)

when compared to the smooth coating observed in the case of the

CNT700. The particulate structure can nicely be seen on the

inside and outside part of the carbon material for the CNT1500

(Fig. 4 and SI2†). Especially, at the outer CNT surface, where the
d during 50 cycles. (c), (d) and (e), (f) show uncoated regions on tubes in

0 cycles.

J. Mater. Chem., 2012, 22, 7323–7330 | 7327
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Fig. 5 (a) SEM, (b) HAADF-STEM, (c and d) HRTEM and (e and f)

TEM images of the CNT3000 coated with (b) 25, (a, c and d) 50 and

(e and f) 500 TiO2 ALD cycles.
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film can be observed without a disturbing background, the

formation of titania clusters is clearly visible for the CNT1500

(arrows in Fig. 4a), for example. They measure a few nm in size

and are grown onto the curved carbon crystallites, i.e. in defec-

tive areas. The same growth mode is also evident in the SEM

image shown in Fig. 4b and SI2a†. It reveals titania particles as

bright dots that are randomly distributed on the surface of the

CNT. The SEM image also shows relatively large regions that

remain completely uncoated. We have already shown that the

precursor vapors used in the present ALD process are able to

diffuse into small pores and lead to a complete coating even on

the inside walls throughout long tubes. If we exclude mechanical

peeling off of the film after deposition due to weak connections
Fig. 6 HRTEM (a) and SEM (b) images of C

7328 | J. Mater. Chem., 2012, 22, 7323–7330
between the film and tube, we can conclude that regions that

remain uncoated are either due to a covering of the respective

region during the ALD process (touching tubes or connections

with the support) or due to a lack of growth initiation events.

This is consistent with previous observations that have shown

that no growth occurs on defect free graphitic planes (cf. also

Fig. 4c–f and HRTEM images for 100 and 500 TiO2 ALD cycles

in the ESI Fig. SI2b and c†).11 It can therefore be concluded that

the differences observed between the CNT700 and CNT1500

tubes in terms of the aspect of the coating are directly related to

the different density and distribution of suitable initiation sites.

At 1500 �C, the small graphitic domains or graphene sheets

(BSUs) grow to form larger crystallites of sp2-hybridized

carbon.36 Paredes et al. investigated the pristine cup-stacked

CNTs used in the present work and they observed by scanning

tunneling microscopy (STM) the formation of flat terraces after

annealing at 1500 �C.37 These domains are defect-free, hence they

do not provide any anchoring point during the ALD of TiO2.

The latter is no longer able to grow as a film but instead it forms

nanoparticles centered on defective areas, rich in O-containing

surface functional groups.

In order to study the development of the growth mode, the

number of deposition cycles was increased to 100 (Fig. 4c–f and

SI2b†) and 500 (Fig. SI2c†). The initiation of the growth appears

to follow an island growth that tends to transform to a 2-D

growth with increasing number of cycles, leading to a homoge-

nization of the thickness. This is already observed after 100 cycles

(Fig. 4c–f and SI2b†). However, even in thick films, domains that

remain uncoated can be found (Fig. SI2c†). Generally, uncoated

regions are found at the endings of the tubes, where the cata-

lytically grown graphitic surface is observed to protrude from the

pyrolytic layer (sword-in-sheath failure), and, similarly, on the

inner surface, in the region where the last stacked cone of the

structure exposes graphitic planes. In analogy, uncoated areas

observed along the tube surface are due to the absence of an

anchoring site, preventing the initiation of film growth.

As demonstrated by HRTEM prior to ALD, the CNT3000

tubes show a particular structure made of steps, walls and flat

terraces that are highly graphitic (cf. Fig. 1e and f), in agreement

with Paredes et al. STM investigations.37 Fig. 5a shows a SEM

image of several CNTs coated during 100 ALD cycles. As

expected, the exposed graphitic parts remain mostly undeco-

rated, and deposition only takes place at the edges of connected

cones. The reason for this is the high curvature at the edge, which
NT700D coated with 50 TiO2 ALD cycles.

This journal is ª The Royal Society of Chemistry 2012
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involves the presence of structural defects (5-membered rings)

and strained C–C double bonds. In these regions, the sp2-

hybridized carbon atoms easily react to become sp3-hybridized

and thus release the strain. HNO3 is typically used to open

SWCNTs andMWCNTs because it preferentially reacts with the

curved tips of the tubes. Similarly, while the oxidizing power of

HNO3 is not strong enough (in our reaction conditions) to break

C–C double bonds and functionalize the graphitic terraces, it

reacts and creates O-containing functional groups on the curved

graphene sheets between two cones. As a result of the preferential

deposition at the edges, the ALD leads to rings of TiO2 film

wrapped around the CNTs. These structures are clearly visible

on the high angle annular dark field (HAADF) scanning trans-

mission electron microscopy (STEM) image (Fig. 5b and SI3†.

Reference image before coating, see ESI†) and can also be seen in

the HRTEM images (Fig. 5c–f and SI4–SI7†). The series of

HRTEM images acquired from CNT3000 coated with a different

number of TiO2 ALD cycles, i.e. 50 (Fig. SI4 and SI5†), 100

(Fig. SI6†) and 500 (Fig. SI7†), clearly shows the defective

regions where the TiO2 growth initiates. From these observations

it can be concluded that the acidic treatment on the high

temperature (3000 �C) treated CNTs leads only to an oxidation

at the edges, where the carbon sheets are highly curved or are

abruptly terminated. The titania deposition demonstrates nicely

this functionalization. At low magnification, TEM permits us to

ascertain that these defects are homogeneously distributed all

along the tubes. This is shown in Fig. SI8†, where two tubes

present TiO2 clusters that are related to the surface structure of

the tubes (see edges in the SEM image of Fig. 5a).

Similarly to the case of the CNT1500, coating of the defunc-

tionalized tubes (CNT700D) leads to a granular aspect of the film

(Fig. 6 and SI9†). The particulate structure is nicely observed on

the inside and outside part of the carbon material. Compared to

the CNT1500, the average particle size is slightly smaller and the

coating more homogeneous. Especially, the SEM and STEM

images (Fig. 6b and SI9a†) show that the particle density is

higher and more regular, i.e., without large regions that remain

completely uncoated. This observation is consistent with the

X-ray photoelectron spectroscopy (XPS) analysis of both

supports prior to ALD. Here, the O/C ratios determined from

XPS spectra for the CNT1500 and CNT700D are very similar,

i.e. 0.012 and 0.011, respectively (cf. Table 1 and ref. 27). It can

be concluded that for the CNT1500 support, defective areas with

a high concentration of O-containing groups are dispersed within

a patchwork of (unfunctionalized) graphitic regions. In contrast,

for the CNT700D support, the oxygen concentration is lower but

the groups are more homogeneously dispersed throughout the

surface. This is also confirmed by a series of HRTEM images

acquired after coating with 0 up to 1000 cycles of TiO2 ALD

(Fig. 6a and SI9b–e†). After many ALD cycles, the film becomes

conformal due to the transition from an island to a 2D growth

mode. This is in contrast to what is observed for the CNT1500

support, where the coating does not reach the same degree of

conformality and remains rough. Electron microscopic investi-

gation furthermore reveals that the large uncoated regions,

frequently observed in the case of the CNT1500 support, are

absent in the case of the CNT700D tubes.

The XPS analysis of the pristine cup-stacked carbon nano-

tubes, as well as of commercial multiwalled carbon nanotubes
This journal is ª The Royal Society of Chemistry 2012
(NC-3100 from Nanocyl and Baytubes from Bayer), revealed

that even untreated carbon nanomaterials exhibit O-containing

functional groups on their surface.38 These groups were formed

when the materials were exposed to air after synthesis, as their

defects reacted with O2 and H2O.39 The calculated O/C ratio for

the pristine nanocarbons ranged between 0.005 and 0.034,

similar to the O/C ratios found for CNT700D, CNT1500 and

CNT3000. We therefore expect to be also able to map the defects

in any nanocarbon, without any additional chemical treatment,

by ALD. Preliminary experiments on the pristine cup-stacked

CNTs and on pristine MWCNTs were conclusive.

The requirement of the presence of anchoring sites for the

initiation of film growth in ALD makes this method, in combi-

nation with HRTEM imaging, suitable to study the spatial

distribution of functional sites on high surface area supports. In

fact, ALD appears as the technique of choice to map anchoring

sites on nanostructured supports and to study the distribution of

functional groups as a function of structure and functionalization

treatment. In comparison, Raman spectroscopy does not offer

a spatial resolution high enough tomap the defects at the nmscale.

Alternative techniques such as STM that provide atomic resolu-

tion are limited in the study of complex nanostructured materials

and allow only scanning a small region of the sample.
Conclusions

In this manuscript it was shown that the growth modes of TiO2

ALD onto CNTs strongly depend on the different chemical and

thermal treatments of the substrate. 2D and island growth modes

could be tuned by the surface functionalization of the CNTs as

well as the transition from island to 2D mode, which depend on

the number of ALD cycles. In the case of high temperature

treated stacked-cup nanotubes, a peculiar ring nanostructured

coating could be obtained due to the pattern of the surface

functional groups induced by the chemical and thermal treat-

ments. All in all, it was shown that atomic layer deposition

provides a means to specifically label anchoring sites and that it

can be used to characterize the spatial distribution of surface

functionality of differently treated carbon nanotubes. Finally,

the approach introduced in the present work can certainly be

applied to various carbon nanostructures and other nano-

structured surfaces in general.

We foresee that the labeling of defects in nanocarbons by ALD

will play a role in better understanding the relation between

structure and defects as well as their relation to the physical and

electronic properties like, for example, in the study of the grain

boundaries in graphene.40 In addition, we believe that ALD will

help to understand why MWCNTs which seem to be structurally

similar exhibit different chemical, physical and electronic

properties.41
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