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Abstract

Atomic layer deposition (ALD) was used to synthesize graphene-based metal oxide
nanocomposites. This strategy was fulfilled on the preparation of TiO,—graphene nanosheet
(TiO,—GNS) nanocomposites using titanium isopropoxide and water as precursors. The
synthesized nanocomposites demonstrated that ALD exhibited many benefits in a controllable
means. It was found that the as-deposited TiO, was tunable not only in its morphologies but
also in its structural phases. As for the former, TiO, was transferable from nanoparticles to
nanofilms with increased cycles. With regard to the latter, TiO, was changeable from
amorphous to crystalline phase, and even a mixture of the two with increased growth
temperatures (up to 250 °C). The underlying growth mechanisms were discussed and the
resultant TiO,—GNS nanocomposites have great potentials for many applications, such as

photocatalysis, lithium-ion batteries, fuel cells, and sensors.

Online supplementary data available from stacks.iop.org/Nano/22/165602/mmedia

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the discovery of graphene in 2004 [1], many exceptional
properties have been reported to date, such as high values
of Young’s modulus (~1100 GPa) [2], fracture strength
(125 GPa) [2], thermal conductivity (~5000 W m~' K [3],
mobility of charge carriers (20000 cm? V~! s7!) [4], and
specific surface area (2630 m?> g=') [5]. As a consequence,
a vast amount of research has been stimulated to explore its
applications in recent years. One possible way to utilize
these properties in applications would be to incorporate
graphene in composite materials. In this way, recently there
was an increasing interest in using graphenes as building
blocks in various composites and this kind of nanocomposites
exhibited many benefits due to the combination of desirable
properties of different materials.  So far, graphene (or
graphene stacks, a few layers of graphene) has been reported
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in the incorporation with three main types of materials:
polymers [6-8], metals [9-11], and metal oxides [12-23],
covering a series of applications (including field emitters,
photocatalysis, conductors, supercapacitors, solar cells, fuel
cells, batteries, etc) with improved mechanical, electrical,
optical, or electrochemical properties. Of the aforementioned
cases, metal oxide—graphene nanocomposites (MO-GNCs)
represent an important class, mainly synthesized via solution-
based methods. Although the solution-based methods offer
potentially low cost and scalability, they are also exposed with
inflexibility in precisely manipulating the deposition of metal
oxides.

To circumvent the inability of the solution-based methods
in precise synthesis, we fulfilled the preparation of MO-
GNCs via a non-aqueous strategy, atomic layer deposition
(ALD) in our recent work. ALD as a gas—solid synthesis
route is featured by two sequentially cyclic self-limiting half-
reactions, and by nature it is a layer-by-layer technique. In
particular, the self-limiting characteristic distinguishes itself

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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from aqueous solution methods and other vapor deposition
techniques (e.g., chemical and physical vapor deposition) in
these ways: precise control in deposition at the atomic level,
excellent uniformity and conformality of deposited materials.
Since the beginning of the 21st century, ALD has been moving
into a fashion for nanotechnology and expanding its uses
from the deposition of simple two-dimensional (2D) planar
films to the preparation of complex nanostructures of various
materials [24, 25]. Additionally, ALD has the capability to
deposit both inorganic (metals and metal oxides) and organic
materials (polymers) [26]. Thus, ALD has potentials to
provide many beneficial factors in synthesizing MO-GNCs by
manipulating the deposition of MOs. Amongst the MO-GNCs
reported in the literature, TiO,—graphene nanocomposites are
probably the most intensively investigated one, exhibiting
improved performance in lithium-ion batteries (LIBs) [18],
photocatalysis [19, 20], solar cells [21-23], etc. In earlier
studies, TiO; in the forms of 2D planar films [27-34], 1D
nanotubes [35-40], OD composite nanoparticles [41, 42], and
other complicated nanostructures [43] have been prepared
by ALD. A variety of precursors were previously applied
for various ALD-TiO, processes, but TiCly and titanium
isopropoxide (TTIP, Ti(OCH(CHj3),)4) were two widely used
titanium sources, and water was the most common oxygen
source. In comparison, TTIP and water as the ALD precursors
had one main advantage over the use of TiCly; and water:
no release of the corrosive by-product HCl and no chlorine
residues in the film [27, 30].

To date, however, there was little effort in developing
TiO,—GNCs via ALD yet. Thus, in our recent attempts
TiO, was chosen as the candidate and deposited on graphene
nanosheet (GNS) powders (synthesized in our group) using
TTIP and water as the ALD precursors. The success of
the synthesis of TiO,—GNS nanocomposites demonstrated that
the ALD approach exhibited many advantages by controlling
the deposition of TiO,. First of all, in contrast to the
solution-based methods employed in reported work [18-23],
the ALD method could synthesize nanocomposites with the
TiO, component precisely controlled in its morphologies as
well as contents by changing ALD cycles. In addition, it
was for the first time found that the as-deposited TiO, could
be tuned in structures from amorphous to crystalline anatase
phase by simply adjusting growth temperatures. In particular,
the growth temperature for the deposited anatase TiO; is only
around 250 °C, which has not been reported in earlier studies.
Consequently, this work provided not only an alternative
approach to synthesize MO-GNCs but multiple choices of
MO-GNCs as well. The resultant nanocomposites have great
potentials for many important applications.

2. Experimental details

2.1. Preparation of GNS

For preparation of GNS, we first oxidized natural graphite
(NG) powder (45 pm, 99.99%, Sigma-Aldrich, as shown
in figure SI-1(a), supporting information available at
stacks.iop.org/Nano/22/165602/mmedia) using a modified

Hummers method [44]. In detail, graphite powder (1 g)
was first stirred in concentrated sulfuric acid (23 ml) with
a sunsequent addition of sodium nitrate (0.5 g) at room
temperature. The stirring lasted for 16 h, and then the mixture
was cooled down to 0 °C. Thereafter, potassium permanganate
(3 g) was added to form a new mixture. Two hours later, the
mixture became a green paste at around 35 °C and was stirred
for another 3 h. Then, water (46 ml) was slowly added to
the paste and the temperature was increased to 98 °C. The
suspension remained at this temperature for 30 min before
it was further diluted with another addition of water and
hydrogen peroxide (140 ml). Following this, the suspension
was filtered and washed until the pH value of the filtrate
was neutral. The as-received slurry is the so-called graphite
oxide (GO, figure SI-1(b), supporting information available
at stacks.iop.org/Nano/22/165602/mmedia), which was further
dried in a vacuum oven at 60 °C. Further, the as-synthesized
GO was first flushed by Ar for 20 min in a quartz tube. Then,
the quartz tube was promptly moved into a Lindberg tube
furnace with a preheated temperature around 1050°C. After
30 s thermal treatment, GO was reduced into expanded GNS
powders (figure SI-1(c), supporting information available at
stacks.iop.org/Nano/22/165602/mmedia).

2.2. ALD-TiO,

In ALD-TiO, processes, the as-prepared GNS powders were
first loaded into a commercial ALD reactor (Savannah 100,
Cambridge Nanotechnology Inc., USA) preheated to a certain
temperature. Then, TTIP (98%, Sigma-Aldrich) and deionized
water (DI H,O) were introduced into the ALD reactor in
an alternating sequence to perform ALD-TiO,. TTIP was
heated to 70 °C while water was kept at room temperature in
order to provide sufficient vapors for ALD-TiO, processes.
Additionally, the delivery lines were heated to 150 °C in order
to prevent the precursors from condensing. Nitrogen was used
as the carrier gas with a flow rate of 20 sccm and the ALD
reactor was sustained at a low level of pressure (typically
0.4 Torr) with a vacuum pump (Pascal 2005 I, Adixon). The
ALD procedures were set as follows: (1) a 1.0 s supply of
TTIP; (2) a 3.0 s extended exposure of TTIP to GNS; (3) a
10.0 s purge of oversupplied TTIP and any by-products; (4) a
2.0 s supply of water vapor; (5) a 3.0 s extended exposure of
water vapor to GNS; (6) a 10.0 s purge of oversupplied water
and any by-products. The aforementioned six-step sequence
constituted one ALD-TiO, cycle and the ALD processes
could be adjustable with different cycling numbers and growth
temperatures. In this study, three growth temperatures were
employed for ALD-TiO, processes: 150, 200, and 250 °C.

2.3. Characterization

To characterize the morphologies, structures, and compositions
of various samples, we used field emission scanning
electron spectrometry (FE-SEM, Hitachi 4800S) coupled with
energy dispersive spectroscopy (EDS), transmission electron
microscopy (TEM, Philips CM10), high-resolution TEM
(HRTEM, JEOL 2010 FEG), x-ray diffractometry (XRD, Intel
multi-purpose diffractometer), and Fourier transform infrared
spectroscopy (FTIR, Bruker Tensor 27).
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Figure 1. (a) SEM images of GNS; (b) TEM image, and (c) HRTEM image of GNS; (d) XRD and (e) FTIR spectra of NG, GO, and GNS.

3. Results and discussion

3.1. Results

As stated above, GNS was made from GO (the products of
oxidized NG) and used as the building block in synthesizing
MO-GNCs. The characteristics of GNS were characterized
by employing SEM, TEM, XRD, and FTIR, as illustrated in
figure 1. In contrast to its starting materials NG (figure SI-1(a)
available at stacks.iop.org/Nano/22/165602/mmedia) and GO
(figure SI-1(b) available at stacks.iop.org/Nano/22/165602/
mmedia), GNS (the SEM image in figure 1(a)) presents a fluffy
and porous structure [45] featuring numerous honeycombs.
The honeycombs are surrounded by graphene wrinkles. The
TEM image in figure 1(b) confirms the interlinked nature of the
wrinkles. The HRTEM image in figure 1(c) further reveals that
the wrinkles consist of several graphene layers (typically fewer
than 10 layers), i.e., graphene stacks. The interlayer distance
is 0.34 nm. XRD spectra (figure 1(d)) clearly distinguish the
as-synthesized GNS from its starting materials, NG and GO.
NG has the strongest (002) peak at 26.8°, but GO shows the
strongest (001) diffraction peak at 12°, suggesting that the
interlayer distance increased and the structure was modified
due to oxygenated groups [46]. In contrast, GNS receives a
broad diffraction (002) peak shifted back to 26.8°, implying
that GO was reduced via the rapid thermal expansion and
the extensive conjugated sp? carbon network (i.e., the ordered
crystal structure) was restored [47]. FTIR spectra (figure 1(e))
further demonstrate the evolution of functional groups from
NG to GO and GNS. NG mainly shows the stretching
vibrations of hydroxyl (<OH) groups (3420 cm™') and C=C
(1586 cm™!) [48-50]. Besides the aforementioned groups,
the GO spectrum is added with the stretching vibrations of
C=0 (1736 cm™"), carboxy C-O (1414 cm™!), epoxy C-O

(1220 cm™"), and C—O (1100 cm™") [48-50]. In comparison,
GNS mainly has the stretching vibrations of hydroxyl groups
and C=C [48-50]. The FTIR spectra imply that GNS was
significantly reduced. Peaks below 900 cm™! are usually
not interpreted for they represent too complex a structural
signature [46].

ALD-TiO, was performed on the as-prepared GNS
powders with a series of cycles under three growth
temperatures (150, 200, and 250°C). The as-synthesized
nanocomposites received from 300-cycle ALD-TiO, were
characterized and compared, as shown in figure 2. It was
found that growth temperature evidently influenced the natures
of the as-synthesized nanocomposites. Figure 2(a) shows
a high-magnification SEM image for a local area of GNS,
and its location is indicated in the inset of figure 2(a)
as well as in figure 1(a). Obviously, the wrinkles are
very thin (less than 3.4 nm in most cases, as disclosed in
figure 1(c)). In contrast, a 300-cycle ALD-TiO, process
changed the morphologies of GNS significantly, as shown in
figures 2(b)—(d) and their insets with the same magnification.
Remarkably, the wrinkles became thicker to around 15 nm
(figure 2(b)), 29 nm (figure 2(c)), and 18 nm (figure 2(d)),
corresponding to the growth temperature of 150, 200, and
250°C, respectively.  Obviously, ALD-TiO, deposited a
layer of film on GNS in all the cases, which differed in
thickness with temperature. Furthermore, if we suppose
the pristine graphene wrinkles are around 3.4 nm with a
conservative estimate, the average growth rates (or the growth
per cycle, GPC) would be roughly evaluated as 0.19, 0.43,
and 0.24 A/cycle, respectively. The calculation of GPC
is based on the homogeneous nature of ALD deposition on
both sides of wrinkles and can be expressed by an equation:
GPC = (thickness of coated wrinkles — thickness of pristine
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Figure 2. High-magnification SEM images of (a) pristine GNS, and 300-cycle ALD-TiO, on GNS at (b) 150°C, (c) 200°C, and (d) 250 °C.
Insets are low-magnification SEM images. (e) XRD spectra of 300-cycle ALD-TiO, on GNS at 150, 200, and 300 °C. (f) EDS spectra of

300-cycle ALD-TiO, on GNS at 150 °C.

wrinkles) /(2 x cycling numbers). Nevertheless, it was worth
noting that the as-deposited TiO; is morphologically different
under the three growth temperatures. In the case of 150°C
(figure 2(b)), the as-deposited layer is uniform and smooth; in
the case of 200 °C (figure 2(c)), the deposited layer is mainly
smooth except for some nanoparticles of around 15 nm which
protrude from the film; in the case of 250°C (figure 2(d)),
however, the deposited layer becomes totally rough and bumpy.
Thus, we postulated that growth temperature had influenced
not only the deposition rates but the structures of the as-
deposited TiO, as well. As for the latter one, XRD results
illustrated in figure 2(e) provide the evidence. No peaks are
identified with the sample deposited at 150 °C, suggesting that
the as-deposited TiO, is amorphous. However, the sample
grown at 200°C exhibits a significant peak at 25.28° as
well as two weak but uncertain peaks at 38.58° and 48.05°,
corresponding to the (101), (112), and (200) planes of anatase
TiO, (JCPDS PDF No 21-1272), respectively. Furthermore,
the XRD spectra of the sample grown at 250 °C present more
peaks with increased intensities, corresponding to different
characteristic planes of anatase TiO, (JCPDS PDF No. 21-
1272) as denoted in figure 2(e). Obviously there existed phase

transitions in the growth of ALD-TiO, with temperature. In
addition, the compositions of the sample grown at 150°C
were further investigated using EDS, as shown in figure 2(f).
Besides the confirmation on the presence of C, Ti, and O,
figure 2(f) also shows some Al element contributed by the Al
sample holder. Based on the information disclosed by figure 2,
it is clearly shown that the growth temperatures influenced
the structural phases, morphologies, and deposition rates of
the as-grown TiO,. For more detailed growth characteristics,
we examined the evolution of the ALD-TiO, with increasing
number of ALD cycles in each case.

Figure 3 reveals the growth of ALD-TiO; at 150°C. A
50-cycle ALD-TiO, process (figure 3(a)) covered GNS with
tiny nanoparticles of 2—3 nm uniformly and the nanoparticles
grew to around 5 nm (the inset of figure 3(b)) with an
additional 25 cycles (figure 3(b)). After a 100-cycle ALD-
TiO, (figure 3(c)), a film was fully formed on GNS with a
little roughness and the wrinkles expose a thickness of around
7 nm. With another addition of 100 cycles (figure 3(d)), the
film became smoother and much thicker. The wrinkles unveil
a thickness of around 11 nm. Combined with the information
of 300-cycle ALD-TiO, revealed in figure 2(b), we conclude
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Figure 3. High-magnification SEM images of ALD-TiO, on GNS at 150°C after (a) 50 cycles, (b) 75 cycles (inset for a higher magnification
SEM image), (c) 100 cycles, and (d) 200 cycles. (e) TEM and (f) HRTEM image of 75-cycle ALD-TiO, on GNS at 150°C.

that the ALD-TiO, at 150°C experienced a slower growth
in the first 100 cycles, accounting for about 0.18 A/cycle,
and the growth rate was increased to a consistent rate of
0.2 A/cycle after the first 100 cycles. More information is
included in figure SI-2 in supporting information (available
at stacks.iop.org/Nano/22/165602/mmedia). In addition, TEM
and HRTEM were applied to examine a sample coated by a
75-cycle ALD-TiO,. In figure 3(e), TEM observation confirms
the information disclosed by SEM in figure 3(b). Additionally,
we noticed that nanoparticles were going to coalesce into a
full layer. A local area in the red square marked ‘f* was
further examined by HRTEM and shown in figure 3(f). The
HRTEM image shows the disordered nature of the deposited
TiO,, providing additional evidence that the as-deposited TiO;
was amorphous in structure. This is consistent with the XRD
spectra for 150 °C in figure 2(e).

In figure 4, the growth of ALD-TiO, at 200°C is
illustrated. Similar to the case of 150°C, GNS was mainly
covered by nanoparticles after the first 50 and 75 cycles, as
shown in figures 4(a) and (b), respectively. Upon finishing
a 100-cycle ALD-TiO, (figure 4(c)), a significant change is
observed from the thickness of the wrinkles, accounting for

11 nm typically. It is also observed that a smooth film has
been formed on GNS. In addition, it is noticed that some
particles (around 5 nm) stand out of the film, as white-circled
in figure 4(c). While the ALD-TiO, proceeded to 200 cycles
(figure 4(d)), we can see that the GNS wrinkles increased to
around 20 nm and the protruding particles became bigger in
size to around 10 nm. Combined with the information of
the 300-cycle ALD-TiO; revealed in figure 2(c), it is easy
to conclude that the ALD-TiO, at 200°C also experienced
a slower growth in the first 100 cycles, accounting for
about 0.38 A/cycle; and the growth rate was increased to a
constant rate of 0.45 A/cycle after the first 100 cycles. More
information is included in figure SI-3 in supporting information
(available at stacks.iop.org/Nano/22/165602/mmedia). Based
on a sample with a 75-cycle ALD-TiO,, the TEM image in
figure 4(e) reveals that the nanoparticles are around 10 nm and
almost coalesce into a film. HRTEM observation on a local
area, in the red square marked ‘f” in figure 4(e), is shown in (f).
It is found that the as-deposited TiO, is mostly amorphous
but decorated with some tiny crystalline nanoparticles of 2—
3 nm, which are partially indicated by the white-circled areas
in figure 4(f). The crystalline particles are identified with an
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Figure 4. High-magnification SEM images of ALD-TiO, on GNS at 200 °C after (a) 50 cycles, (b) 75 cycles, (c) 100 cycles, and
(d) 200 cycles. (e) TEM and (f) HRTEM image of 75-cycle ALD-TiO, on GNS at 200 °C.

inter-plane spacing of 0.23 nm, corresponding to the (112)
planes of anatase TiO,. In addition, the graphene lattices
are also observable, as marked with a 0.34 nm inter-plane
spacing in figure 4(f). Based on the above discussion, we could
further conclude that the particles protruding from the films
in figures 4(c) and (d) as well as in figure 2(c) are crystalline
anatase while the films are mostly amorphous. Thus, we could
know that the XRD spectra for 200 °C (figure 2(e)) resulted
from the mixed amorphous and anatase phase of the as-
deposited TiO,. More specifically, the films are dominated by
amorphous TiO, while the embellished anatase nanoparticles
are responsible for the XRD characteristic peaks in figure 2(e).

Following the afore-discussed cases at 150 and 200 °C,
we further demonstrate the growth of ALD-TiO, at 250°C
in figure 5. Firstly, the ALD-TiO, deposited nanoparticles in
the first several tens of cycles, growing larger with increased
cycles. In figure 5(a), the nanoparticles are less than 5 nm after
a 50-cycle ALD-TiO,. Figure 5(b) shows that the nanoparticles
were significantly improved in their density while their sizes
were increased to around 5 nm after a 75-cycle ALD-TiO,.
Upon finishing a 100-cycle ALD-TiO,, the SEM image in

figure 5(c) presents a layer of a rough film due to the
coalescence of the nanoparticles. At this stage, the wrinkles
with the sample show a thickness of around 8 nm. Moreover,
the SEM image in figure 5(d) discloses that the wrinkles further
grew in thickness to around 13 nm and the film retained some
roughness. Combined with the information of the 300-cycle
ALD-TiO; revealed in figure 2(d), it is obvious that ALD-TiO,
at 250 °C experienced a slower growth of 0.23 A /cycle in the
first 100 cycles while almost remaining at a constant rate of
0.25 A/cycle in the following cycles. More information is
included in figure SI-4 in supporting information (available at
stacks.iop.org/Nano/22/165602/mmedia.) Furthermore, based
on a sample coated by a 75-cycle ALD-TiO,, the TEM image
in figure 5(e) confirms that the as-deposited nanoparticles
are around 5 nm and are retained individuallyy, HRTEM
observation on a local area of figure 5(e) (in the red square
marked ‘f”) is shown in figure 5(f). It reveals that all the as-
deposited TiO, nanoparticles are crystalline and they mostly
show an inter-plane spacing of 0.23 nm, corresponding to the
(112) planes of anatase TiO,. This is consistent with the XRD
characteristic peak at 38.58° disclosed in figure 2(e) for 250 °C.
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Figure 5. High-magnification SEM images of ALD-TiO, on GNS at 250°C after (a) 50 cycles, (b) 75 cycles, (c) 100 cycles, and
(d) 200 cycles. () TEM and (f) HRTEM image of 75-cycle ALD-TiO, on GNS at 250 °C.

3.2. Discussion

Based on the results disclosed above, one can easily learn
that ALD as a strategy is flexible and precise in synthesizing
MO-GNCs. In terms of the as-deposited TiO,, its advantages
are mainly exhibited in two ways: (1) tunable morphologies
from nanoparticles to nanofilms; and (2) controllable structures
from amorphous to crystalline anatase phase. The former
is simply ascribed to its self-limiting and cyclic characters
while the latter discloses the temperature-dependent nature of
the ALD-TiO,. To gain a better understanding, therefore, it
is essential to clarify the determinant factors and to further
explore the underlying mechanisms, which will be discussed
in this section.

It is easy to understand that any result occurs only
under suitable conditions. In ALD processes, generally,
there are three key parameters: the precursors, substrates and
temperatures [S1]. As stated at the beginning of this study,
TTIP and water were the precursors and GNS was used as
the substrate for ALD-TiO,. As for the growth temperatures,
we applied ones not higher than 250°C. On the choice of
temperatures, it is in essence determined by the fundamentals

of ALD as well as the properties of precursors. As a layer-by-
layer deposition technique, ALD requires that the precursors
will not decompose by themselves under a given growth
temperature [27, 52]. Otherwise, the deposition will be a
process of chemical vapor deposition (CVD), and destroy the
self-limiting growth mechanism of ALD. Of the two precursors
(TTIP and water), it is obvious that water being an oxygen
source is not an issue for ALD-TiO, processes and it has
been used at temperatures up to 600°C [53]. The limit is
mainly from TTIP. Some pioneer work conducted by Finnish
researchers [27-29] has disclosed that TTIP is only chemically
stable at temperatures not higher than 250 °C. Thus, any higher
temperature would incur an increasing fraction of CVD growth
of TiO, due to the decomposition of TTIP. Obviously, our
experiments fell into a range of temperatures that were safe
for the ALD processes of TiO,.

In addition, in order to fulfill well the self-limiting
layer-by-layer nature of the ALD technique, one needs to
guarantee that there are sufficient vapors of the applied
precursors supplied during ALD processes. Otherwise, a
slower but uncertain growth [51] as well as some unexpected
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structure [54] might be produced. Thus, to avoid these
uncertainties, we investigated suitable pulse lengths for the
precursors of TTIP and water. It was found that 0.8 s TTIP and
1.0 s water could provide sufficient vapors for an unchanged
growth mode of the ALD-TiO,. The evidence is included
in figure SI-5 and 6 in the supporting information (available
at stacks.iop.org/Nano/22/165602/mmedia). Therefore, the
adopted pulses of 1.0 s TTIP and 2.0 s water in this study would
always contribute a consistent deposition behavior of the ALD-
TiO, for a certain temperature.

To further understand the findings disclosed in this study,
one needs to know the roles played by the aforementioned
parameters, which are associated with surface chemistry. It
is well known that ALD as a surface-controlled process relies
on two alternating half-reactions to realize a layer-by-layer
deposition. Ascribed to Rahtu and Ritala [29], the ALD
process of using TTIP and water was described by two half-
reactions as follows:

2||-OH + Ti(OCH(CH3)2)4 (8) — [-O02-Ti(OCH(CH3),)>

+ 2(CH3),CHOH (g) (la)
|-O,-Ti(OCH(CH3)), + 2H,O(g) — [|-O,— Ti(OH),
+ 2(CH;),CHOH (g) (1b)

where the symbol ‘||’ denotes the substrate surface and ‘(g)’
refers to gas phase species. In particular, Rahtu and Ritala
claimed that this mechanism is suitable for an ALD-TiO,
with a temperature not higher than 250°C. Obviously, the
self-limiting nature of (la) and (1) determines the precise
growth of TiO,. Due to its surface-controlled character, ALD
requires a substrate functionalized for its initiation. To meet
this requirement, the FTIR spectra of figure 1(e) clearly reveal
that the as-prepared GNS was decorated with hydroxyl groups,
which could initiate an ALD-TiO, by following the reaction
of (1a).

Based on the above discussion, we will first clarify the
facts on the tunable morphologies of the as-deposited TiO,. As
we observed, the as-deposited TiO, differed in morphologies
and growth rates between the stage of the first 100 cycles and
the stage after the first 100 cycles. To facilitate the following
discussion, we refer them to stage I and stage II, respectively.
In stage I, the as-deposited TiO;, showed an island-like growth
and appeared in the forms of nanoparticles with a lower growth
rate; while in stage II, the as-deposited TiO, coalesced into
nanofilms with a higher and constant growth rate. These
serve for all the cases of different temperatures. As for the
growth rates, we illustrated the values of GPC in figure 6.
According to earlier studies, there are two potential reasons for
the occurrence of stage I: steric hindrance of ligands and low
density reactive surface sites [51]. Steric hindrance of ligands
might cause the chemisorbed intermediates to shield part of
the surface from being accessible to the precursors, depending
strongly on the sizes of the surface intermediates. In the case
of TTIP, the effective diameter of a molecule is significantly
larger than that of a Ti or O site [28]. On the other hand,
the low density of reactive sites provides fewer ‘seats’ than
the numbers required for the precursors to bond and thereby
to cover the surface. Thus, both could induce a low growth
rate of TiO,. When a film was fully formed on the surface
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Figure 6. The growth rates (GPC) of ALD-TiO, with temperatures.

of GNS (i.e., in stage II), it is obvious that there would be
more reactive sites. The increased reactive sites would promote
the growth rates, as illustrated in figure 6. Quite clearly, the
ALD-TiO, on GNS experienced a substrate-inhibited growth
of type 1 [51]. Additionally, figure 6 also shows that, besides
the effect of the cycling numbers, the growth of ALD-TiO; is
also highly temperature dependent. In terms of the average
GPC over the total 300 cycles, GPC increases with an increase
in temperature from 150 to 200 °C, whereas it decreases with a
further increase to 250 °C. To interpret this phenomenon, there
are two factors for consideration: reactivity of precursors and
density of reactive sites [S1]. Aarik et al [28] revealed that
water has a low reactivity towards TTIP in ALD-TiO,, but an
increase in growth temperature could improve the reactivity of
water, activate some reactions, and thereby improve the growth
rate of ALD-TiO,. However, the increased temperatures might
incur an unfavorable effect at the same time: dehydroxylation
of hydroxyl groups [55], whose occurrence would change the
surface reactivity of GNS and thereby influence the following
deposition of TiO, towards the chemisorbed TTIP molecules.
The dehydroxylation is described as follows [54]:

2||-OH — || = O 4+ H;0 (g). 2)

Remarkably, this dehydroxylation would reduce the
number of hydroxyl groups and thereby lead to a lower growth
rate. Thus, an increased temperature might exert two contrary
effects on the ALD-TiO,. As a consequence, the highest GPC
would be achieved at a temperature at which a compromise
could be reached between the two factors. It is easy to conclude
that, as shown in figure 6, the improved GPC with an increased
temperature from 150 to 200 °C was due to the predominance
of the promoted reactivity of water while the reduced GPC
with a further increase to 250 °C was induced by the dominant
dehydroxylation. In addition, the evidence is also clearly
shown in figures 3-5. For example, comparing figures 4(e)
with 5(e), we can easily observe the reduced coverage due to
dehydroxylation when the temperature was increased from 200
to 250 °C. Thus, the tunable morphologies of the as-deposited
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TiO, were commonly determined by both the surface nature of
the substrate and the applied temperature.

Besides tunable morphologies, it is of great interest to
explain another main finding revealed in this study: the
controllable structures of the as-deposited TiO, with growth
temperature. In particular, this was rarely reported in the
literature on using TTIP and water as the precursors. In earlier
studies, TTIP and water had been used to fulfill the ALD-
TiO, on a series of substrates (soda lime glasses [27, 29],
silica substrates [28], silicon substrates [28, 30], nanoporous
templates [35-37], and nanoparticles [42]) for various
nanostructures. All the efforts exclusively contributed the
deposition of amorphous TiO,, except for a partial crystalline
film grown on glasses at the temperature of 250°C and
at higher ones [27]. It is worth noting that we reveal a
pure crystalline TiO, deposited on GNS (as demonstrated in
figures 2 and 5) at 250°C. Thus, it is necessary to explore
the bases for its occurrence. In this way, previous studies
demonstrated that, in manipulating the phase-controllable
growth of TiO,, both growth temperatures and substrates
are important for the given precursors. Using TiCly and
water as ALD precursors, for example, amorphous TiO; films
were grown on glasses while crystalline films were deposited
on crystalline substrates under the same conditions [53].
Similarly, Schuisky et al also demonstrated that substrates
could influence the structural phases of the as-deposited TiO;
using Tily and H,O, as ALD precursors [56]. Nevertheless,
Aarik et al [57] revealed that growth temperature is another
important factor influencing the structural phases of TiO; using
TiCly and water as ALD precursors and higher temperatures
are preferable to the growth of crystalline films on silicon
substrates. Thus, it is reasonably believed that the characters
of the as-prepared GNS and a relatively high temperature
(250°C) jointly contributed the crystalline anatase TiO,
deposited on GNS in this work. First, a higher temperature
(250°C) should be kinetically favorable for the ordering of
the structure with minimum energy [57], for the intermediates
might be able to migrate easily and enable the Ti and/or O ions
to occupy the positions corresponding to the lowest free energy
of the crystal. Furthermore, GNS is crystalline by nature and
this might have prompted the deposition of the pure anatase
TiO, as well, as demonstrated on crystalline substrates using
TiCly and water in the literature [53]. In addition, a higher
temperature (250 °C) might change the surface characters of
GNS and the following deposition behaviors of the ALD-
TiO, by modifying their reactive sites and natures. As a
result, they might have been changed to be favorable for the
preparation of the crystalline TiO,. Unfortunately, there is to
date little knowledge to interpret the roles of substrates in the
literature and a further investigation on the growth mechanisms
is needed. In comparison, two reasons might lead to
previous failures in direct ALD-TiO, of crystalline structures
using TTIP and water: low growth temperatures [35-37] or
unfavorable substrates [27-30, 42]. As for the amorphous and
mixed phases disclosed in figures 3 and 4 respectively, their
lower temperatures (<200°C) should be the most dominant
factor.

In summary, we produced a series of MO-GNCs via ALD-
TiO, using TTIP and water as precursors in this work and

the as-synthesized TiO,—GNS nanocomposites exhibited many
peculiarities in a controllable means. Besides the tunable
morphologies, the as-deposited TiO, was also controllable in
structure. In addition to the self-limiting and cyclic natures of
ALD, the precursors, temperatures, and substrate (GNS) are
believed to be among the main factors, and their roles were
discussed.

4. Conclusions

This work fulfills and exemplifies a non-aqueous approach
to synthesize MO-GNCs. Based on powder-based GNS,
TiO, was deposited on graphene (or graphene stacks) by
ALD with a series of cycles at different temperatures.
The results revealed that the as-synthesized TiO,—GNS
nanocomposites could be tuned in morphology as well as
structure. As for the controllable structures of TiO,, it
is found that a lower temperature (150°C) contributed to
amorphous TiO; while a higher temperature (250 °C) produced
crystalline anatase TiO,. In particular, a phase transition
was observed with an intermediate temperature (200 °C).
In all the cases, by adjusting their cycling numbers, the
as-deposited TiO, could present nanoparticles or nanofilms
on GNS. Furthermore, we discussed and explained the
underlying mechanisms responsible for both the controllable
structures and morphologies of the as-synthesized TiO,—GNS
nanocomposites. As a consequence, this paper demonstrated
that, in comparison to the solution-based methods exposed in
the literature, ALD contributed a precise and flexible route
to prepare MO-GNCs. The as-synthesized hybrid TiO,—
GNS materials are potentially important candidates for many
important applications, such as lithium-ion batteries, solar
cells, gas-sensing, and photocatalysis.
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