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ABSTRACT: We report a new facile approach to achieve

highly conformal thin layers (~10 nm) of anatase TiO, on [E& . X\
nonfunctionalized carbon nanotubes (CNTs) using atomic f
layer deposition (ALD). The method adopts an initial
deposition of amorphous TiO, at a low temperature of 60
°C to ensure a good conformity followed by postdeposition
annealing at 450 °C under vacuum to induce a complete phase
transformation to crystalline anatase TiO, while retaining the
structural integrity of the CNTs. This approach yields
unprecedented sizes of monocrystalline anatase shell domains
of up to 500 nm along the CNTs. The high quality of the anatase layer is evidenced directly by high-resolution transmission
electron microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy. Atomic-scale study of the nanostructure cross-
section using electron energy loss spectroscopy provides direct evidence that bonding is formed at the interface after annealing.
The low grain boundary anatase shell layer with a well-bonded interface to the CNTs has a high potential of significantly
enhanced performance in photocatalysis, solar energy, and nanoelectronics.
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1. INTRODUCTION tion."? Crystalline anatase TiO, nanocrystals can also be formed
on CNTs using an elevated temperature around 200 °C, which
decorates defects of the MWCNTSs at the expense of
conformity of the thin layer.'”'*"> A temperature-step ALD
method was employed to combine merits of both temperatures
for shaping the morphology (flat versus rough) and crystallinity
(amorphous versus nanocrystalline) of the titania shell layer on
MWCNTSs," yet a method for obtaining laterally extended
monocrystalline anatase shell layers on MWCNTs was still
lacking. In this work, we report a facile method to obtain
extended monocrystalline and conformal thin layers of anatase
TiO, on CNTs via ALD, together with an in-depth character-
ization of the interfacial bonding.

A thriving research field in nanotechnology is seeking
synergetic functions of different nanomaterials by exploiting
the unique properties of each component. In this regard,
combining TiO, and carbon nanotubes (CNTs) is advanta-
geous to enhance the overall performance in a wide range of
technological applications including photocatalysis, solar
energy, and nanoelectronics.' ™ In such an ensemble, the
electrically conductive and mechanically robust CNTs”~” with a
large specific surface area are the best candidates for electrode
templates and charge collectors to the photoactive semi-
conductor TiO,."’ Consequently, there has been a great deal of
research work to synthesize the nanocomposites and develop
photoactive applications based on them.

Among the synthesis techniques, atomic layer deposition 2. EXPERIMENTAL SECTION

(ALD) offers controlled deposition of conformal layers with an 2.1. CVD Growth of the Vertical-Aligned MWCNTs (va-
atomic precision of the thickness on nanostructures with a large MWCNTSs). A 20 nm-thick film of AL,O; was deposited via ALD on a
aspect ratio. The deposition relies on self-limiting surface bare Si wafer, followed by e-beam evaporation of a 2 nm-thick Fe

reactions of alternating gas precursors with the solid surface of catalyst layer for CNT growth. MWCNT' were synthesized in a cold-

the substrate."”'” It has been previously observed that 60 °C

growth temperature employed in TiO,-ALD resulted in a Received: March 25, 2016
highly conformal, yet amorphous layer on multiwalled carbon Revised:  April 28, 2016
nanotubes (MWCNTs) without prior surface functionaliza- Published: April 28, 2016
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Figure 1. Synthesis and characterization of the TiO,-CNT core—shell nanostructure: (a) low magnification TEM image shows the typical conformal
morphology of amorphous TiO, obtained after 300 ALD cycles at 60 °C on MWCNTs. The inset SAED pattern confirms the amorphous nature of
the TiO, film, and (b) schematic picture of the uniform amorphous TiO, on MWCNT core—shell nanostructure, which is the prerequisite for the
annealing step. (c) After annealing, low magnification TEM image demonstrates the uniformity of the anatase films of the core—shell nanostructure.
The inset is a SAED pattern confirming the monocrystallinity of the anatase coating along the entire MWCNT and (d) a schematic picture
highlighting the crystalline nature of the anatase layer. (e) A dark-field image shows the size of the monocrystalline domain in the anatase layer. The
reflection used for the imaging is denoted by the red circle in the diffraction pattern. The arrow points at a domain boundary. (f, g) Atomically
resolved HAADF-STEM images of the anatase layer. Correspondingly, the atomic model of anatase is superimposed in panel g. The red and blue

atoms are oxygen and titanium, respectively.

wall chemical vapor deposition (CVD) reactor (Black Magic, Aixtron).
The catalyst substrate was loaded in the CVD chamber, evacuated
below 200 mbar, and heated up to 770 °C at a ramping rate of 300 °C
min~' in a reducing environment of H, and Ar (600 sccm H,, 400
scem Ar). After the reduction at the same temperature for 15 min,
carbon feedstock of C,H, (150 sccm) was added to start the vertically
aligned CNT growth at 720 mbar total pressure. Upon completion of
the growth, the reactor was cooled in Ar down to room temperature.

2.2. ALD Growth of TiO, on the CNTs. The as-grown CNT
arrays were transferred into an ALD chamber without any surface
treatment. Titanium-isopropoxide Ti(OCH(CHs;),), (TTIP) kept at
90 °C and H,O at 40 °C were used as precursors with Ar as a carrier
gas. A low temperature of 60 °C was used to deposit 300 cycles of
TiO,, which resulted in a ~10 nm thick film. Postdeposition annealing
was performed in a furnace at a pressure of ~0.1 mbar and at a
temperature of 450 °C for 30 min with a heating ramp of 10 °C/min.
With this process, there was no detachment of the CNTs from the Si
substrate after ALD or annealing.

2.3. Characterization. The nanostructure was characterized using
transmission electron microscopy (TEM) on a JEOL 2200FX
microscope and an aberration-corrected JEOL ARM200CF micro-
scope. For longitudinal view of the nanostructure, the samples were
prepared by dispersion in methanol, followed by ultrasonification for a
few minutes and finally cast-dropped on TEM grids coated with lacey
carbon. To facilitate the investigation of the interface, cross-section
samples of the nanostructure were also prepared using a FEI-
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Helios600i focused ion beam (FIB) instrument. The morphology and
crystallinity were examined using diffraction contrast imaging, high-
resolution imaging, and selected area electron diffraction (SAED) in
TEM mode, which were performed on the JEOL2200FX microscope
operated at 200 kV. Atomic scale high-angle annular dark field
(HAADF) imaging and electron energy loss spectroscopy (EELS) in
scanning TEM (STEM) mode were performed on the JEOL-
ARM200F microscope operated at 80 kV. The low voltage is
necessary to avoid electron beam damage that often happens during
the EELS acquisition.'® Chemical and electronic information on the
nanostructure at the interface was obtained at a spatial resolution of
~2 A. The EELS energy resolution is ~0.5 €V, achievable on a high-
speed Gatan Enfinium spectrometer with the capability to acquire dual
spectra. Ti-L edge and C-K edge were acquired simultaneously with an
energy dispersion of 0.1 eV/channel and a dwell time of typically 1 s
for line profiles. The background in the spectra was subtracted from
the edge signal using a standard power law fitting. The vibration
modes of the CNTSs were analyzed with Raman spectroscopy under
dry conditions using an upright Raman microscope (NTEGRA
Spectra, NT-MDT, Russia) featuring a laser source with a wavelength
of 532 nm and a 50X objective lens with a numerical aperture of 0.75.
Spectra were recorded at a spectral resolution of 2.7 cm™', and the
exposure time was 30 s for all samples. The use of a neutral density
filter kept the laser power below 100 uW to avoid any laser-induced
phase transformation of TiO, or modification of MWCNT bands. X-
ray photoelectron spectroscopy (XPS) measurements were performed
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Figure 2. Cross-sectional HAADF-STEM images of the annealed TiO,-CNT nanostructure. (a) A schematic drawing of the FIB-prepared TEM
lamella. The va-MWCNT was deposited with 300 ALD cycles of TiO, (~10 nm), followed by 800 cycles of AL,O; (~180 nm) to fill the gap, before
the TEM lamella was cut out by FIB. (b) A low-mag HAADF-STEM image shows an overview of the cross-section. The amorphous Al,O; layer was
much thinner than nominal value due to the preferential milling, which left some gaps between the tubes.

in a Quantum2000 from Physical Electronics using a monochromat-
ized Al K, source (1486.6 eV). The X-ray spot had a diameter of 150
um and operated at a power of 30 W at 15 kV. A neutralizer gun was
used at 1.3 V and 20 pA. The core level spectra were fitted using a
nonlinear least-squares line shape analysis after subtraction of a Shirley
background. All the spectra were aligned to the characteristic
asymmetric peak of graphite structures (sp®) at 284 eV with a full-
width at half-maximum (fwhm) of 0.98 eV, and sp® species to 284.8—
285 eV with 1.1 eV."” " The fwhm for the rest of the carbon
components was fixed to 1.3 eV, except for the shakeup feature 7—z*
at 2 eV. Grazing incidence X-ray diffraction (Bruker AXS, D8
Discover) measurements were made by using Cu-K, (1 = 1.5418 A)
radiation to characterize the TiO,-MWCNT nanocomposite. The
cross-section of the films was examined using high-resolution scanning
electron microscopy (HR-SEM) (Hitachi-S4800).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structure of Monocrystalline TiO,
on MWCNTs. The initial deposition of TiO, on the va-
MWCNTSs at 60 °C results in a highly conformal layer of
amorphous TiO, along the tubes, with the length of about
~250 pum (see the SEM images in Figure Slab). The
morphology of the individual TiO,—CNT nanostructure is
shown in the TEM image in Figure 1, panel a. Our previous
studies have shown that the nucleation density at an early stage
is strongly affected by the deposition temperature, probably due
to the temperature dependence of the chemisorption of
precursors. >*° At 60 °C, the nucleation density after 20
ALD cycles (about ~10 A thick) is already high enough to form
a coalesced layer, and hence the subsequent growth results in a
highly conformal film. After 300 cycles, the conformal layer has
a thickness of around 10 nm. High-resolution transmission
electron microscopy (HR-TEM) imaging and SAED pattern
(in Figure 1a) indicate that the layer is amorphous (a-TiO,), as
schematically shown in Figure 1, panel b. Annealing the
nanostructure at 450 °C for 30 min allows preservation of the
CNTs, as evidenced by the CNT walls observed in HR-TEM
images. After the annealing, the thin layer of TiO, transforms
from amorphous to a highly crystalline phase, while the
conformity is well preserved, as clearly shown in Figure 1,
panels c—g. The SAED pattern corresponds to the anatase
phase, without trace of other phases such as rutile or brookite.

Adopting dark field imaging, the extended length of the

3490

monocrystalline anatase domain along the CNTs can be
observed. The monocrystalline domains extended up to 500
nm. Within each domain, the large domain and monocrys-
tallinity are further confirmed with the HAADF-STEM images,
as shown in Figure 1, panels f and g. Particularly, the resolved
atomic columns in Figure 1, panel g match well with the atomic
model of anatase view along the [100] direction. No defects,
including dislocations™" or stacking faults,** are observed within
the domain. In addition, by applying geometric phase analysis
(GPA) to the atomically resolved images, no strain gradients
are detected in the layer (for details, see Figure S2 in the
Supporting Information). The TEM data unveil that there is no
recurrent epitaxial relationship between the anatase TiO, and
the outmost wall of the CNT. The anatase phase is formed by
crystallization of the amorphous TiO,. However, in contrast to
TiO, deposited on CNTs directly at a high temperature of 220
°C, which resulted in a coalesced poly nanocrystalline anatase-
CNT core—shell structure with crystal domains of about 16—18
nm in size,”’ the annealed structure possesses a superior
conformity and monocrystalline domain sizes of up to 500 nm.
In addition, we have found that TiO, of various numbers of
ALD cycles on CNTs becomes a thin conformal anatase layer
on the CNTs after annealing in vacuum (see Figure S3) at 450
°C. The high crystallinity even remains on crossed CNTs (see
Figure S3d), which provides further evidence of an intriguing
crystallization mechanism in which the CNT core probably
plays an important role and acts as fast heat transfer medium
that triggers the oriented crystallization. The amorphous TiO,
may already possess some short-range order, for example,
through Ti—O octahedrons, which transform to a long-range
order by a sort of crystallization front moving along the film
during annealing, hence leading to the monocrystallinity at a
half-micron scale in relation to ~10 nm film thickness only.
3.2. Interface between TiO, and CNTs. To investigate
the interfacial bonding, a cross-section TEM lamella from the
annealed sample was prepared using FIB and studied using
STEM—EELS. Before the FIB cutting, ALD Al,O; was
performed to fill the gap in the TiO,-CNT array to provide
the mechanical support for the TEM lamella. The sample
preparation is schematically illustrated in Figure 2, panel a. An
overview of the sample in Figure 2, panel b shows clearly the
core—shell nanostructure, in which TiO, is the bright spherical
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Figure 3. STEM—EELS analysis indicates that C—O bonds are formed at the interface between the annealed TiO, and MWCNT. (a) A HAADEF-
STEM image shows the area where the EELS line profile was taken. The rectangles on the line denote the integrated spectra shown in panels d and
e. (b, c) Spectra of Ti_L edge C_K edges, respectively, along the line, presented in a color-coded raster mode, from which the EELS signals were
integrated. (d) Integrated EELS signal of Ti_L edge from the line profile taken at the interface and in the anatase. A red-shift of the edge and less
splitting can be observed for the signal at the interface. (c) Integrated EELS signal of C_K edge from the line profile at the interface and on the
MWCNT. The signals were normalized using the C_7 edge. A slightly higher intensity at ~288 eV (denoted by the black arrow) and at the C_o

edge can be noticed at the interface.

shell and MW-CNT is the dark core due to the Z-contrast in
the HAADF-STEM images. Al203 is the dark layer
surrounding the TiO,. Because of the preferential ion milling
in FIB, its thickness is thinner than the nominal value in the
electron transparent region of the TEM lamella, which leaves
some gaps visible in the CNT array. We observe that the cross-
sections of the CNT's are mostly nonspherical with bundles and
defects (see Figure S4). It is not known yet if the nonspherical
cross-section is originated from the native growth or caused
later by any stress introduced during the crystallization of TiO,.
A high-resolution HAADF-STEM image of the cross-section
(Figure 3a) resolved both the anatase lattice and the tube walls,
which revealed that the anatase lattice extends all the way to the
interface. With the resolved lattice, it is observed that while the
orientation changed from shell to shell, each shell has a single
orientation. No recurrent epitaxial relationship is observed at
the interface. The cross-section images therefore confirm the
high crystallinity and conformity observed in the longitudinal
sample. In addition, it provides a better geometry to investigate
the interface. STEM—EELS line profiles with an electron probe
of a subnanometer size were performed across the interface and
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provided direct information about the interfacial bonding.
Figure 3, panel a shows one representative interface that was
analyzed. The lattice of the anatase and the tube walls are still
resolved, confirming the subnanometer size of the electron
probe. Across the interface, EELS spectra containing both Ti_L
edge and C_K edges were acquired, and the spectrum images
for the two edges are presented in Figure 3, panels b and c.
Clear carbon signals were detected in the CNT region and
titanium signals in the layer region. The integrated signals show
fine structures on the edges, as in Figure 3, panels d and e,
providing electronic information about the interface. In Figure
3, panel d, a clear splitting in the L2 and L3 edge is observed in
the anatase away from the interface, which results from the
molecular orbitals t,, and ¢, in the highly crystalline anatase.
The splitting is less prominent at the interface, an indication of
a disorder in the TiO, lattice, which is probably due to some
atomic scale distortion. The edge at the interface is also slightly
red-shifted, indicating that the Ti atoms at the interface have a
reduced oxidation state compared with TiO,. This can be
explained if a Ti—O—C bond is formed at the interface, such
that the core—shell electron distribution of the Ti atoms at the

DOI: 10.1021/acs.chemmater.6b01209
Chem. Mater. 2016, 28, 3488—3496


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01209/suppl_file/cm6b01209_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b01209

Chemistry of Materials

@ [ Em (b) ) o
144 1343 1587

£ é. 60°C
2 = .
g Eqgi) - lo/lg=113 ann. 450°C
2 B. . AgEiga) 2
= 1g(1) £
o
§ ) 3 N 60°C 8
= = ann. 450°C 5 | '0/e=059
©
E () £
° ]
2 220°C 4
Ip/16=0.89
60°C
va-MWCNT Ip/1g=0.30 va-MWCNT
P —™ e
T A R |
200 400 600 800 1000 1000 1200 1400 1600 1800 2000
. N A
Raman Shift (cm ) Raman Shift (cm”)

Figure 4. Raman spectroscopy analysis of pristine va-MWCNTs, as-deposited TiO, for 300 ALD cycles on the CNTs at 60 °C, at 220 °C, and at 60
°C with postannealing at 450 °C. (a) Vibration modes of anatase TiO, and (b) CNTs. The Raman spectroscopy confirmed the high crystallinity of
the annealed nanostructure and indicated a stronger interaction between TiO, and MWCNTs via the interfacial bonding after annealing.

Table 1. Peak Positions and fwhm of Anatase Vibration Modes Measured with Raman Spectroscopy for the Samples Deposited
at 220 °C and the Sample Deposited at 60 °C with Post-annealing at 450 °C

Eg(l) (Cm_l) EgZ (Cm_l) Blg (Cm_l) AlgrELg (em™) Eg3 (em™)
sample pos. fwhm pos. fwhm pos. fwhm pos. fwhm pos. fwhm
300 cycles @ 220 °C 143.8 183 198.6 7.3 396.5 354 518.64 36.8 637.5 40.5
300 cycles @ 60 °C + anneal @ 450 °C 144.8 14.5 199.1 42 3952 28.9 517.54 29.8 637.6 29.5
interface is different from that in the anatase layer. Figure 3, the following samples: pristine va-MWCNTs, as-deposited

panel e shows that the C_K edge at the interface has a slightly TiO, at 60 °C on the CNTs and subsequently annealed at 450
higher intensity at ~288 eV (between ¢* and #*) than that at °C in vacuum, and TiO, on CNTs deposited at 220 °C. In

the tube walls, as pointed out by the arrow. By using X-ray Figure 4, panel a, the Raman spectra from the postannealed
absorption fine structure spectroscopy (XAS), Schultz was able sample at 450 °C show well-resolved peaks for the character-
to determine the nature of the edge at this energy from istic anatase vibrations, which corresponded to E,y 144 cm™),

graphene and attributed it to C—O bonds arising from surface Eq(p) 198 cm™} Big1) 395 cm™}, AjgEig0) 517 cm™, and Eg3)
adsorbates including CO, CO,, and graphene oxide.”® EELS has 636 cm™. The TiO, initially deposited at 220 °C has a weaker

a better spatial resolution, while the energy resolution (~0.5 eV intensity of anatase compared to that of the annealed sample.
achievable here) is worse than XAS and hence cannot resolve The TiO, deposited at 60 °C before annealing does not possess

the edge distinctively. However, the higher intensity at this any anatase peaks.
energy indicates the presence of C—O bonds. Indeed, a similar Table 1 lists the peak positions and fwhm for these samples.
observation was obtained by Rossell when studying Fe;O, All the Raman peaks from the annealed sample show
nanoparticles chemically attached onto MWCNTs.** A higher significantly narrower fwhm. In particular, the E,;) mode
intensity at ~288 eV in EELS was observed after an from the annealed sample has a narrower fwhm (14.6 cm™)
ultrasonification treatment, which was ascribed to the formation than the sample deposited directly at 220 °C (18.4 cm™"). The
of C—O—Fe bonds at the interface.”* We also observe that the broadening or shift of the Ey ;) mode in TiO, has been
intensity of the C_o* edge is slightly higher, which also attributed to nonstoichiometry, impurities, strain gradients, and
indicates higher degree of sp® hybridization for the carbon phonon confinement in TiO, nanoparticles due to the crystal
atoms at the interface, consistent with the presence of the C—O size.”*° The deposition of TiO, at 220 °C involves the
bonds. Therefore, the high-spatial-resolution analysis enabled growth and coalescence of nanocrystals along the CNTs,
by STEM—EELS provides direct evidence that C—O bonds are resulting in grains of different sizes and perhaps induces stresses
formed at the interface in the annealed sample. It is however in the film,"” which explains the larger broadening of the fwhm
impossible to apply the same analysis to the unannealed sample at 220 °C. The peak position and fwhm of the E,(;) mode from
because the amorphous TiO, is quickly damaged by the the annealed sample are closer to the values of those of single
electron beam even at an acceleration voltage of 80 kV. crystal anatase (144 cm™, 7 cm™). The difference in the fwhm
Raman spectroscopy was used to investigate further the from the annealed samples to those of single crystal anatase
crystallinity of the TiO, film and the interaction with the could be due to the strain at the interface with the CNTs and a
CNTs. The large surface area of the long va-MWCNT array size effect due to the monocrystalline domains of ~500 nm in
provides a large volume of material to obtain a strong Raman length and ~10 nm radially. Additionally, Raman spectra show
signal from both the CNT and the ultrathin film of TiO,. the bands from the CNTs in Figure 4, panel b. The D band
Figure 4 shows the normalized Raman spectra to the G band of (~1342 cm™') corresponds to the amount of structural
3492 DOI: 10.1021/acs.chemmater.6b01209
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Table 2. Peak Positions and fwhms of CNT Vibration Modes Measured in Raman Spectroscopy for the Pristine CNT, the
Samples Deposited at 60 °C, at 220 °C, and with Post-annealing at 450 °C. The Annealed Sample Shows a Larger I,/I,

Indicating an Increasing Amount of sp* Carbon Hybridization

D-band (cm™) G-band (cm™) D’-band (cm™)
sample pos. fwhm pos. fwhm pos. fwhm Ip/Ig In/Ig
pristine CNTs 13434 50.9 1587.9 40.1 1619.8 18.8 0.30 0.07
300 cycles @ 60 °C 1356.1 70.3 1595.3 60.3 1620.8 33.2 0.89 0.35
300 cycles @ 220 °C 1357.4 65.7 1591.7 57.8 1623.5 26.9 0.60 0.17
300 cycles @ 60 °C + anneal @ 450 °C 1351.1 47.2 1587.4 43.9 1621.6 23.3 1.13 0.34

disorder (e.g, dangling bonds, sp3 carbon atoms, defects,
amorphous carbon, and vacancies) and the G band (~1590
cm™') to the tangential vibrations of sp* carbon atoms in the
MWCNTSs. The shoulder peak on the G band is the D’ band
(~1620 cm™"), which has been attributed to structural defects
in literature.”' > The ratio of the integrated intensities
between the D and G bands (Ip/I;) have been used in
previous reports as an indication of the quality of the CNTs
and the amount of sp® hybridization of the carbon atoms after
surface functionalization.® In our case, with the sp2 to sp3
transition after ALD, we could monitor the amount of carbon
atoms that form a bond to the TiO,. ALD relies only on surface
reactions, and therefore, it is reasonable to assume no damage
to the inner walls. The evolution of D- and G-band after ALD
and postdeposition annealing shows several features compared
to the pristine CNT. There is a clear increase of the Ij,/I ratio,
shift and broadening of the peaks after ALD deposition, with
the highest I,/I; ratio after annealing (1.13). This result clearly
indicates a larger amount of sp® hybridized carbon atoms after
annealing caused by the bonding at the interface with the TiO,,
consistent with the EELS result in Figure 3, panel e. This means
that after the deposition at 60 °C, not all of the carbon atoms at
the surface are bonded to the TiO,, regardless of having an
apparent continuous layer.”> The annealing results in a larger
number of covalent bonds at the interface and hence a stronger
bonding of TiO, with the CNTs. The deposition at 220 °C
displays a low Ip/I; ratio due to the nucleation of TiO, at the
pre-existing defect sites in the CNTSs at this temperature,'’
creating only a small amount of new bonds at the interface
compared to the other samples. The shift of the D- and G-
bands in all the samples after ALD can be explained as the
stress build-up on the outer walls due to the contraction of the
lattice spacing of carbon atoms with the formation of C—O—Ti
bonds at the interface.”” This trend in the Raman shift due to
the strain induced on CNTSs or monolayer graphene has been
reported in literature.”* ™' A shift of the D- and G-bands to
higher wavenumbers is an indication of a compressive strain,
whereas a shift to lower wavenumbers corresponds to a tensile
strain. It seems that after ALD at 60 °C, there is a compressive
strain corresponding to the positive shift of the D- and G-
bands, and after annealing at 450 °C, there is tensile strain in
the structure corresponding to the shift to lower wavenumbers
(see Table 2). Furthermore, it is worth noting that the fwhms
of the D- and G-bands for the annealed sample are narrower
than the other processes and closer to those of the pristine
CNTs. Reports have shown a decrease in the I/I; ratio and
fwhm of the D- and G-band by increasing the annealing
temperature in pristine CNTs, which was attributed to the loss
of impurities and CNT purification, especially around 450
°C.*"**% In our case, we have an opposite trend for the Iy/I
ratio due to the increase of sp3 at the interface, which arises
from the bonding of CNTs and TiO,.

XPS measurements support the conclusion of an increase of
sp® hybridization and C—O—Ti bonding at the interface after
annealing. Figure 5 shows the XPS spectra of the individual
components of the C_Is peak of the pristine CNTs, the TiO,

@ 284 C1s
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TiO, 60°C

Intensity
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Figure S. Interaction between the CNTs and TiO, of va-MWCNTs
with 300 cycles of TiO, before and after annealing characterized by
XPS. Analysis of the C 1s peak of (a) pristine CNTs, (b) as-deposited
TiO, on CNTs at 60 °C, and (c) the 60 °C sample annealed at 450
°C.
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deposited at 60 °C, and after annealing at 450 °C. The ~10 nm
thin TiO, layer on the high surface area of the CNT's allows the
study of the interface with a great signal-to-noise ratio, being
thinner than the inelastic mean free path (IMFP) of ejected
electrons from the carbon atoms of the nanotubes (~17 nm) at
15 keV.** From the C_1Is spectra of the pristine CNTs, we
observe the asymmetric peak of the CNTs with a high
concentration of sp* (284 eV) and a low concentration of sp*
(284.8 eV) and other carbon components: C—O (285.6 + 0.1
eV), C=0 (286.7 = 0.1 eV), C=0 (286.7 + 0.1 eV), O—C=
O (289 eV), and 7—7* (290.5 eV).>>* This coincides with a
low Ip/Ig ratio from Raman spectroscopy and the low
concentration of O Is (<1%) from the atomic percentages
for high-quality CNTs measured with an XPS survey (see
Figure S4 in the Supporting Information). After 300 cycles of
ALD at 60 °C, we could clearly see the increase of sp® and
oxygen bonded species while still detecting the sp> contribution
from the CNTs (Figure Sb). However, the film deposited at
this low temperature may still contain unreacted ligands from
the TTIP, which could contribute, albeit in a small percentage,
to the peaks of oxygen bonded carbon species. In fact, TTIP is
known to form bridging acetate ligands (O—C=0), resulting
in the signal detected at (289 €V).* Upon annealing of the
same sample, the intensity of the O—C==0 peak is substantially
decreased, and there is a clear increase in the sp* and C—O
species (Figure Sc), which suggests that unreacted ligands of
TTIP remain in the film as Ti—O—C=O0O, which after
annealing are burned away. The unreacted ligands hinder the
TiO, crystallization during ALD, which explains why at higher
temperatures there is a larger removal of the ligands due to a
better reactivity of TTIP with water and consequently better
crystallization behavior. The 11.5 at. % of O—C=0 in the film
deposited at 60 °C accounts for 2 at. % of the overall
composition of the film (from Ti, O, and C, for a total of 18 at.
% C in Figure SS), which is a similar value for carbon
contamination obtained from other studies.””** After the
removal of the unreacted ligands upon annealing, this value is
less than 0.1 at. %. Nonetheless, these unreacted ligands
forming bridging structures could have provided a short-range
order to facilitate crystallization leading to a monocrystal. The
increase of the sp® carbon species after annealing agrees with
the increase of the Ip/I; ratio obtained from Raman, which
altogether supports the conclusion of an improved bonding at
the interface after annealing. After annealing there is an increase
of ~22% in the sp® carbon atoms and ~30% in the C—O
bonded species, respectively. Interestingly, the sp*/sp* from
XPS has an almost linear relation with the I/I ratios from the
pristine, unannealed, and annealed samples, which has been
observed from other studies.”

With the characterization by TEM, Raman, and XPS, a
pictorial understanding of the formation of the highly
conformal and crystalline anatase on CNT can follow, as
shown in Figure 6. At the low ALD temperature of 60 °C, a
high density of nuclei forms on the surface of the CNTs
through chemi- or physisorption (Figure 6a). In the case of
chemisorption, covalent bonds such as C—O bonds are formed
between the precursor molecule and the carbon atoms via
electron transfer. In the case of physisorption, only weak
interaction such as the van der Waals force exists at the
interface. The high density of nuclei facilitates a conformal
albeit amorphous TiO, layer conformally covering the CNTs
upon coalescence, as in Figure 6, panel b. The amorphous layer
contains short-range order and both covalent and noncovalent
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(b) R A 1

Figure 6. A schematic illustration shows the formation of the highly
conformal and crystalline anatase on CNTs via ALD and
postdeposition annealing. (a) A high density of TiO, nuclei is formed
at a low temperature (60 °C) after a small number of cycles (e.g., 20
cycles). (b) A conformal layer of amorphous TiO, is formed after
coalescence of the nuclei. (c) After the postdeposition annealing at
450 °C in vacuum, the layer becomes highly crystalline anatase, while
the conformity remains. A stronger interaction at the interface is
achieved through more C—O covalent bonds, as represented in the
enlarged insets.

bonds at the interface. Postdeposition annealing of the
nanostructure at a high temperature of 450 °C in vacuum
transforms the layer into an anatase layer with large
monocrystalline domains and at the same time preserves the
layer conformity. Additionally, we observed no detachment of
the CNTs from the Si substrate with this process. The high
temperature also promotes formation of more C—O—Ti bonds
and hence modifies the electronic structure at the interface
(Figure 6¢), which leads to a stronger bond between the two
components. Both the high crystallinity and the enhanced
interfacial bond would improve the charge transport, which can
be beneficial to many photoelectrical applications using the
nanocomposites. While there is no recurrent epitaxial relation-
ship between the anatase and the CNTs, certain orientations,
dependent on the chirality of the outmost tube wall, may be
preferred during crystallization to strengthen the interfacial
bonds. With the high crystallinity and conformity, we expect
enhanced performance for the nanocomposite in applications
such as dye sensitized solar cells (DSSCs) and photocatalysis. A
thorough study to correlate the structure and interface with
device performance is currently in progress.

DOI: 10.1021/acs.chemmater.6b01209
Chem. Mater. 2016, 28, 3488—3496


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01209/suppl_file/cm6b01209_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b01209/suppl_file/cm6b01209_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b01209

Chemistry of Materials

4. CONCLUSION

In conclusion, we have successfully achieved an ultrathin (~10
nm) and highly conformal anatase layer with large monocrystal-
line domains on nonfunctionalized MWCNTSs using a new
facile method. The high crystallinity and conformity are
confirmed with TEM, Raman, and XPS. The characterization
helps a good understanding of the mechanism in the growth
and crystallization of the layer. In addition, an increasing
amount of C—O-Ti bonds is found to be formed at the
interface after annealing, which may facilitate charge transport
across the interface and can be essential to the photocatalytic
and photoelectric properties of the nanostructure. The strategy
presented and exemplified on the TiO,/CNT system offers a
promising route to functionalize CNTs and achieve perform-
ance-enhanced functional nanocomposites in a controlled
manner.
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