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Atomic layer deposition (ALD) was used to synthesize metal oxide-carbon nanotube (MO-
CNT) hybrid materials by coating nitrogen-doped CNTs (N-CNTs). SnO,-CNT hybrids were
produced using SnCl, and water as precursors and exhibited many unique features. It was
demonstrated that the use of N-CNTs was beneficial for directly initiating the ALD of SnO,
(ALD-SnO,) and that adjustable ALD parameters were favorable for controlling the mor-
phology and phase of the deposited SnO,. The cyclic and surface-controlled nature of
ALD contributed to the morphologies of SnO, tunable from nanoparticles to nanofilms,
and the temperature-dependent characteristics of the ALD-SnO, rendered the phases of
SnO, controllable with amorphous, crystalline, or a mixed phase by the former two. Fur-
thermore, this study also explored the underlying mechanisms for the controlled synthesis

of SnO,-CNT hybrid materials.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

There was a long history for the discoveries of carbon nano-
tubes (CNTs) [1], but only after lijima’s work [2] was an exten-
sive investigation boosted with many findings on their
exceptional properties and significant applications [3]. A pri-
mary approach for applications was to incorporate CNTs with
other materials, and the resultant hybrid materials in general
exhibited improved properties. Of them, CNT-based metal
oxide (MO-CNT) hybrids represent an important class and
are very promising as functional materials, such as in lith-
ium-ion batteries (LIBs) and supercapacitors [4].

Tin (IV) dioxide (SnO,) is among the most investigated
nanoscale MOs, ascribing to its distinctive properties very
useful in many areas (e.g., field emission [5,6], gas sensors
[7], and LIBs [8-10]). In comparison, CNT-based SnO,
(Sn0,-CNT) hybrids are much superior to their pure SnO,
tubular counterparts, e.g.,, exhibiting higher sensitivity as
gas sensors [11,12], as well as increased specific mass capacity
and extended durability as anodes of LIBs [13-20]. Thus, a
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large amount of effort has previously devoted to develop
SnO,-CNT hybrids using various methods including arc-
discharge [13], chemical vapor deposition (CVD) [14], and
different chemical-solution routes [15-20]. However, the used
CNTs required a pretreatment process to modify their inert
surface nature before a deposition of SnO, was performed.
This could be realized either by acid oxidation [14-19] or by
surfactants [20]. Unfavorably, the two functionalization meth-
odologies of CNTs commonly needed wet chemical treat-
ment, while the former one further risked CNTs to some
damages in their inherent properties. As a consequence, the
previous methods [13-20] were confined with a limited flexi-
bility and they exclusively produced polycrystalline nanopar-
ticles of SnO, on functionalized CNTs.

To bypass the drawbacks suffered by earlier studies, we
recently developed an alternative strategy to synthesize MO-
CNT hybrids, in which the technique of atomic layer deposi-
tion (ALD) was used to coat nitrogen-doped CNTs (N-CNTs)
directly. As a consequence, it was demonstrated that the
ALD route as well as the use of N-CNTs brought many unique
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advantages. First of all, N-CNTs by nature are chemically ac-
tive [21] and thereby can directly induce the following ALD
of SnO, (ALD-SnO,). Furthermore, ALD is a surface-controlled
and layer-by-layer process, relying on two sequential self-
terminating half-reactions [22-24]. Thus, ALD is superior in
deposition with high flexibility and preciseness. As for ALD-
SnO,, some earlier efforts practiced the deposition on flat
substrates and nanoparticles using different precursors [25-
35]. However, there were no cases to date reported on the
ALD-SnO, on CNTs. In this study, we attempted to achieve
this goal using N-CNTs as substrates, as well as SnCl, and
water as precursors. In essence, the reaction between SnCl,
and H,0 is fairly straightforward with the product of SnO,,
as described in the following reaction:

In ALD-SnO,, the above reaction was previously interpreted
by two half-reactions [33]:

|-OH + SnCly(g) — ||-0SnCl; + HCl(g) (2-A)
[-C1+ H,0(g) — ||-OH + HCl(g) (2-B)
where “|” indicates the substrate surface, and “(g)” denotes

the vapor species. With the fulfillment of ALD-SnO, on N-
CNTs, it was found in this study that the deposited SnO, is
controllable in morphology as well as structural phase. In par-
ticular, it was also revealed that the ALD-SnO, is highly tem-
perature-dependent. Thus, besides the aforementioned two
half-reactions, other underlying mechanisms for ALD-SnO,
were developed as well. In summary, there are three features
induced by the proposed strategy (i.e., ALD-SnO, on N-CNTs):
(i) the N-CNTs are free of external functionalization; (ii) the
deposited SnO, materials are tunable in morphology from
nanoparticles to nanofilms; (iii) the deposited SnO, materials
are controllable in structural phase from amorphous to crys-
talline or a mixed phase by the former two. Thus, this work
opened an avenue for highly precise synthesis of CNT-based
hybrids and provided multiple candidates for many impor-
tant applications, such as gas sensors, and LIBs.

2. Experimental

2.1.  Synthesis of N-CNTs

A thermal CVD method was applied to grow N-CNTs on sub-
strates (carbon papers or Si wafers). The substrates were ini-
tially coated with a buffer layer of 30 nm thick aluminum and
a catalyst layer of 5 nm thick iron. In the presence of Ar, the
pyrolysis of melamine (C3HgNg) at 800 °C induced the growth
of N-CNTs on the substrates. The synthesized N-CNTs were
structurally multi-walled and bamboo-like, presenting a typi-
cal N content of over 10 at.%. More details were described in a
previous work [36].

2.2. ALD-SnO,

ALD-SnO, was performed on the synthesized N-CNTs
through supplying tin (IV) chloride (99% SnCl,, Sigma-Aldrich)
and deionized water into a commercial ALD reactor (Savan-
nah 100, Cambridge Nanotechnology Inc., USA) in an alternat-
ing manner. The temperature of the ALD reactor was in a

range 200-400 °C. 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 base pressure (typically 0.4 Torr) by a vacuum
pump (Pascal 2005 I, Adixon). The ALD procedures were set
as follows: (1) a 0.5 s supply of SnCly; (2) a 3 s extended expo-
sure of SnCl, to N-CNTs; (3) a 10 s purge of oversupplied SnCl,
and any by-products; (4) a 1 s supply of water vapor; (5) a 3 s
extended exposure of water to N-CNTs; (6) a 10s purge of
oversupplied water and any by-products. The aforementioned
six-step sequence constituted one ALD-SnO, cycle and the
ALD processes could differ in the number of cycles.

2.3. Characterization

The synthesized N-CNTs and SnO,-CNT hybrid materials
were characterized using a field-emission scanning electron
microscope (FE-SEM, Hitachi 4800S) equipped with energy
dispersive X-ray spectroscopy (EDS), transmission electron
microscope (TEM, Philips CM10), high-resolution TEM
(HRTEM, JEOL 2010 FEG), micro X-ray diffractometer (XRD,
Brucker D8, Cu Ko radiation, 4= 1.5406 A), and X-ray photo-
electron spectrometer (XPS, Kratos Axis Ultra Al K(alpha)).

3. Results and discussion

3.1. Results

In Fig. 1(a) and (b), the synthesized N-CNTs are shown by SEM
images of low and high magnification, respectively. Fig. 1(a)
reveals that the N-NCTs were grown on carbon papers with
high density, and Fig. 1(b) shows that they are morphologi-
cally bamboo-like with diameters in the range 40-80 nm.
Fig. 1(c) presents the XRD spectra of two samples coated by
ALD-SnO, at 200 and 400 °C. The two samples commonly ex-
hibit two strong peaks at 26.38° and 54.54°, consistent with
those reference values of crystalline graphite (JCPDS PDF No.
41-1487). The two peaks are apparently induced by pristine
N-CNTs and marked as Graphite(002) and Graphite(00 4),
respectively. To further identify the information of SnO,, the
XRD spectra between 30° and 55° are magnified in the inset
of Fig. 1(c). It is found that the sample coated at 400 °C
(marked with a solid square) presents several characteristic
peaks of crystalline SnO, (JCPDS PDF No. 41-1445) at 33.89°,
42.63°, and 51.78°, corresponding to the (101), (210), and
(211) plane, respectively. Another sample coated at 200 °C
(marked with a solid triangle) has no observable peaks in
the range 30-55°, implying an amorphous state of the depos-
ited SnO,. Furthermore, EDS spectra in Fig. 1(d) confirm the
presence of Sn and O element with the sample coated at
200 °C. As for other elements, C is attributed to N-CNTs, both
Al and Fe are from the coatings of carbon papers, and Cl is
due to some remaining Cl ligands. Thus, it is reasonable to
conclude that growth temperatures are determinant for the
phases of the deposited SnO,.

To further characterize the synthesized SnO,-CNT hybrid
materials, we applied SEM, TEM, and HRTEM. Fig. 2 shows
the SnO,-CNT hybrids synthesized at 200 °C. SEM images of
Fig. 2(a), (c), and (e) correspond to the ALD-SnO, of 50, 100,
and 200 cycles, respectively. They commonly reveal that, in
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Fig. 1 - SEM images of N-CNTs with (a) low magnification, and (b) high magnification; (c) XRD spectra of N-CNTs coated with
200-cycle ALD-SnO, at (A) 200 °C and (M) 400 °C; (d) EDS spectra of N-CNTs coated with 200-cycle ALD-SnO, at 200 °C.

comparison to pristine N-CNTs illustrated in Fig. 1(b), the sur-
face of N-CNTs becomes rougher with a coating of some
external material. According to Reactions (2-A) and (2-B),
the material deposited externally should be SnO, and the
information from Fig. 1(c) and (d) discloses the deposited
Sn0, in an amorphous state. Furthermore, the corresponding
TEM images in Fig. 2(b), (d), and (f) jointly reveal that the mor-
phological evolution of SnO, experienced three stages: sepa-
rated nanoparticles (3-5nm, Fig. 2(b)), coalescence of
nanoparticles (Fig. 2(d)), and formation of a coaxial nanofilm
(Fig. 2(f)). In particular, the patterns of selected area electron
diffraction (SAED, inset of Fig. 2(f)) show the disordered nature
of the hybrid material, which confirms the amorphous nature
of the deposited SnO,. Additionally, the case of 200-cycle ALD-
SnO, was further analyzed by HRTEM, as shown in Fig. 2(g)
and (h). Fig. 2(g) shows that, besides the graphene layers of
N-CNTs, there is no crystalline structure with the deposited
SnO,. Fig. 2(h) also reveals the amorphous nature of the
deposited SnO, and exposes a uniform film thickness of
around 2.6nm. As a consequence, the amorphous SnO,
reached an average growth of around 0.13 A/cycle at the tem-
perature of 200 °C.

Following up the synthesis of SnO,-CNT hybrid materials
at 200 °C, a high temperature of 400 °C was applied to con-
tinue the synthesis and the main results are included in
Fig. 3. As disclosed by the SEM image of Fig. 3(a), a 50-cycle
ALD-SnO, seemingly produced only nanoparticles of around
10nm on N-CNTs. Further increasing ALD-SnO, to 100
(Fig. 3(b)), 200 (Fig. 3(c)), and 400 cycles (Fig. 3(d)) prompted

the growth of nanoparticles in size (up to 50 nm) and density
but there were no films formed on N-CNTs. The TEM image
(Fig. 3(e)) for the case of 100-cycle ALD-SnO, confirms that,
besides nanoparticles, there were no others deposited on N-
CNTs. SAED discloses a polycrystalline nature of the depos-
ited nanoparticles, consistent to the XRD result in Fig. 1(c).
The HRTEM images in Fig. 3(f) and (g) show clearly the crystal-
line structures of both SnO, and N-CNTs. It is noteworthy
that, besides some big nanoparticles (around 20 nm) as dis-
closed in Fig. 3(e), a large amount of tiny nanoparticles of less
than 5 nm are exposed in Fig. 3(f) and (g), as red-circled* in the
images. In particular, it is noted that the deposited nanoparti-
cles are predominately located in the interlinked areas of N-
CNTs. Thus, it is apparent that nanoparticles did not grow
with a same rate. Furthermore, as indicated in Fig. 3(f) and
(g), there are two kinds of lattice planes identified with the
nanoparticles. The inter-plane spacing of 0.335nm corre-
sponds to the (110) plane, while the one of 0.264 nm corre-
sponds to the (101) plane of SnO,. It is worth noting that
the (11 0) plane of SnO, has not been identified in XRD spec-
trum (Fig. 1(c)), for its characteristic position at 26.61° is very
close to that of Graphite(0 0 2).

Based on the above-disclosed results, it is evident that
growth temperatures are crucial for ALD-SnO, on N-CNTs.
To further investigate the effects of growth temperature, an
intermediate temperature of 300 °C was used to synthesize
Sn0,-CNT hybrids, and the resultant results are illustrated
in Fig. 4. Along with the increasing ALD-SnO, from 50
(Fig. 4(a)), 100 (Fig. 4(b)) to 200 cycles (Fig. 4(c)), one can

! For interpretation of color in Figs. 3 and 8, the reader is referred to the web version of this article.
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Fig. 2 - ALD-SnO, on N-CNTs at 200 °C. SEM images after (a) 50, (c) 100, and (e) 200 ALD cycles; TEM images after (b) 50, (d) 100,
and (f) 200 ALD cycles (inset: SAED patterns); (g and h) HRTEM images of 200-cycle ALD-SnO,.

observe numerous nanoparticles deposited on N-CNTs with
increased sizes, accounting for 3-5nm, 3-7 nm, to 5-15nm,
respectively. However, besides nanoparticles presenting
white and bright spots in the images, the intervals between
nanoparticles seem also covered with a continuous layer.
Fig. 4(d) shows the TEM image for the case of 200-cycle
ALD-SnO,, and the corresponding SAED patterns in the inset
of Fig. 4(d) disclose that the deposited SnO, presents polycrys-
talline characteristics. Under the HRTEM examination
(Fig. 4(e) and (f)), it is worth noting that a 2.6 nm thick amor-
phous nanofilm and many crystalline nanoparticles are ob-
served. The nanoparticles show clearly an inter-plane of
0.335 nm, corresponding to the (110) plane of SnO,. Obvi-
ously, the crystalline nanoparticles are responsible for the
polycrystalline nature of the SAED patterns (the inset of
Fig. 4(d)). Thus, an intermediate growth temperature
prompted a covering of heterogeneous structural phases,

ie.,, an amorphous film embellished with crystalline
nanoparticles.

Upon this point, it was clearly demonstrated that the pro-
posed strategy shows a strong capability in synthesizing
Sn0,-CNT hybrids as well as in controlling the deposited
SnO, with different phases and morphologies. To summarize,
there are three main features exhibited by the synthesized
Sn0,-CNTs hybrids: (i) direct initiation of ALD-SnO, on
N-CNTs; (ii) controllable phases of the deposited SnO, with
temperature, showing amorphous (Fig. 2), crystalline (Fig. 3),
or even a mixed amorphous-crystalline phase (Fig. 4); (iii) tun-
able morphologies of the deposited SnO,, exhibiting nanopar-
ticles (Figs. 2 and 3), nanofilms (Fig. 2), or a mixture of
nanofilms and nanoparticles (Fig. 4). To understand these
interesting results, it is believed that both the effects of
N-CNTs and the underlying mechanisms of ALD-SnO, are
essential. In particular, their distinctive dependence on
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Fig. 3 - ALD-SnO, on N-CNTs at 400 °C. SEM images after (a) 50, (b) 100, (c) 200, (d) 400 ALD cycles; (¢) TEM image of 100-cycle
ALD-SnO, (inset: SAED patterns); (f and g) HRTEM images of 100-cycle ALD-SnO,.

temperature should be clarified. Thus, we investigated them
and will discuss in the following sections.

3.2. Discussion

3.2.1. The effects of N-doping

As stated above, one feature with this study is the use of
N-CNTs which initiated ALD-SnO, directly. As a surface-
controlled process, ALD initiates on a substrate via an interac-
tion between the molecules of one precursor and the reactive
sites of the substrate. This kind of interaction contributes to
an irreversible adsorption of one precursor and is restricted
to chemisorption [37]. In comparison to pure (undoped) CNTs

used in previous studies [14-20], the difference of N-CNTs lies
in their N-doping. Therefore, the N-doping is responsible for
the reactivity of N-CNTs and thereby for the initiation of
ALD-SnO,. In this case, an investigation on the effects of N-
doping is crucial for a better understanding of the ALD-SnO,
on N-CNTs.

Of the two precursors (SnCl, and H,0) used in this study,
H,0 could only be possible to physically adsorb on the N-
CNTs and the adsorption of these molecules can be reversed
easily [38]. In this case, SnCl, holds as the only candidate to
chemically bond with N-related defective sites and to initiate
the ALD-SnO, on N-CNTs. Evidence from earlier studies [39-
41] demonstrated that metal atoms could bond with N-related
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Fig. 4 - ALD-SnO, on N-CNTs at 300 °C. SEM images after (a) 50, (b) 100, and (c) 200 ALD cycles; (d) TEM image of 200-cycle
ALD-SnO2 (inset: SAED patterns); (e and f) HRTEM images of 200-cycle ALD-SnO,.

defective sites and thereby induce the growth of metal nano-
particles or nanowires on N-CNTs. In addition, they also dis-
closed that the effects of N-doping are closely related with the
doped-N configurations, for different doped-N configurations
have distinctive mechanisms to adsorb metal atoms. Thus, it
would be better to investigate the effects of N-doping accord-
ing to their configurations. As for the configurations of the
doped-N atoms, there are several ones identified to date,
including gaseous N, nitric oxides, pyridine-like nitrogen,
graphite-like nitrogen, and pyrrolic nitrogen [42,43]. Although
these doped-N configurations might not appear concurrently
[44], there are two primary ones commonly exposed in N-
CNTs, i.e., graphite-like (in which a nitrogen atom replaces
a graphitic carbon atom) and pyridine-like N configuration
(in which a nitrogen atom bonds with two carbon atoms). Fur-
thermore, it was also experimentally [39-41] and theoretically
[40,45,46] demonstrated that the two are the main factors for
the surface reactivity of N-CNTs and they induce chemical
activeness via different mechanisms. In comparison, the pyr-
idine-like N configuration can induce a stronger binding en-
ergy to the adsorption of metal atoms [40,46]. In addition, it
was also demonstrated that CN bonds are thermally stable
[44,47,48] and the two primary configurations can stand an
annealing of up to 800 °C [44].

Upon this point, it is clear that the initiation of ALD-SnO,
was likely induced by the interaction of SnCl, with N-related

defects and the two main doped-N configurations should be
exempt from structural changes during ALD-SnO, as well,
where growth temperatures of less than 400 °C were applied.
In this case, it will be insightful to investigate the effects of
N-doping by differentiating their configurations and changes.
To fulfill this goal, we applied XPS to study three samples of
N-CNTs grown on Si wafers. One control sample consists of
pristine (uncoated) N-CNTs, and two comparative samples
consist of N-CNTs coated with 100-cycle SnO, at 200 and
400 °C, respectively. Fig. 5 shows the XPS surveys of the three
samples. The XPS spectrum of the uncoated N-CNTs (Fig. 5(a))
displays two characteristic peaks around 285 and 399 eV, cor-
responding to C 1s and N 1s, respectively. In addition, there
are relatively weak peaks for O 1s, Fe 2p, and Si 2s as well,
attributing to the Si wafer covered by a layer of native SiO,
as well as a layer of iron catalyst. The XPS spectra for the
two coated samples are shown in Fig. 5(b) and (c). In compar-
ison, the N 1s peaks of the coated samples are significantly re-
duced while their C 1s peaks remain at a comparable level.
Due to ALD-SnO,, the coated samples show the newly ap-
peared peaks of Sn and Cl, as well as some increase in the
O 1s peaks. The weak Cl peaks are due to unreacted Cl ligands
in ALD-SnO,. In terms of a full width of at half-maximum
(FWHM), it is found that the value for C 1s slightly decreases
from 2.95eV (Fig. 5(a)) to 2.87eV (Fig. 5(b)) and 2.92eV
(Fig. 5(c)), while the value for N 1s significantly increases from
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Fig. 5 - Survey scans of XPS spectra for (a) pristine N-CNTs,
as well as N-CNTs coated with 100-cycle ALD-SnO, at (b)
200 °C and (c) 400 °C.

3.23 eV (Fig. 5(a)) to 3.86 eV (Fig. 5(b)) and 5.38 eV (Fig. 5(c)). As
the indicators for the main compositions of N-CNTs, the nar-
rowing C 1s and broadening N 1s peaks are essential for
understanding the effects of N-doping and therefore deserve
a further investigation with their high resolution spectra.

The high resolution C 1s spectra of the three samples are
shown in Fig. 6(a)-(c), in which the dashed lines represent
raw data and the solid lines are the corresponding fittings.
The asymmetric C 1s spectra are commonly deconvoluted
into five sub-peaks: PC1 (284.6 eV) [49] for the C-C bonds of
graphite showing a peculiar dissymmetric shape, PC2-PC4
(285.5-289 eV) [50,51] for overlapping defective carbon struc-
tures due to C-N and C-O bonds, and n—r* transition (291 eV)
[49], respectively. In comparison to the uncoated sample
(Fig. 6(a)), it is observed that the defective sub-peaks (PC2-
PC4) of the two coated samples (Fig. 6(b) and (c)) show some
decrease. Quantitatively, the areal ratio between the areal
addition of PC2-PC4 and the area of PC1 is 0.47, 0.34, and
0.29 for the uncoated sample and the two samples coated
at 200 and 400 °C, respectively. The reducing areal ratio ac-
counts for a decreasing area of the defective peaks and sug-
gests that ALD-SnO, preferentially happened on the
defective sites, for the deposited SnO, could lead to a block
effect on XPS measurements of the defective sites. In a
much clearer view, the three C 1s peaks are compared in
the inset of Fig. 6(c). In comparison to the uncoated sample
(marked as “a@”), the C 1s peak for the sample coated at
200 °C (marked as “b”) becomes narrower and weaker. This
should be incurred by the uniform deposition of SnO, nano-
particles (as shown in Fig. 2(c) and (d)). On the other hand,
the C 1s peak for the sample coated at 400 °C (marked as
“c”) only shows a slight decrease along the centered line
while there is an evident reduction in the defective area.
These changes are consistent with the selective deposition
of Sn0O, nanoparticles at 400 °C (as shown in Fig. 3(b)), in
which some defective sites must have been preferentially
covered. Based on the above discussion, it is reasonable to
conclude that N-related defective sites are responsible for
the deposition of SnO,.
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Fig. 6 - High-resolution XPS spectra of C 1s peak for (a)
pristine N-CNTs as well as for N-CNTs coated with 100-cycle
ALD-SnO, at (b) 200 °C and (c) 400 °C (inset: comparison of C
1s peaks).

To further clarify the roles of different doped-N configura-
tions, Fig. 7(a)—(c) show the N 1s spectra of the three samples
with high resolution, in which the dashed lines represent raw
data and the solid lines are the corresponding fittings. The N
1s spectrum of the uncoated sample (Fig. 7(a), a N content of
14.8 at.%) was deconvoluted into four peaks: PN1 (398.7 V)
[44,52] ascribed to the pyridine-like N configuration, PN2
(400.8 eV) [44,52] corresponding to the graphite-like N config-
uration, as well as PN3 (403.5 eV) and PN4 (405.6 eV) [36] both
attributing to nitrogen oxides. As for the two coated samples,
it is observed from Fig. 7(b) and (c) that the PN1 peak reduces
more evidently than PN2 peak in both cases. The areal ratio
between PN1 and PN2 is 4.56, 2.27, and 2.00 for the uncoated
sample and the two samples coated at 200 and 400 °C, respec-
tively. The reducing areal ratio strongly suggests that SnO,
were deposited on the defective sites of the two types but
the deposition was more preferential for the pyridine-like N
configuration. The selectiveness becomes stronger with
growth temperature. In addition, it is also observed from
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Fig. 7 - High-resolution XPS spectra of N 1s peak for (a)
pristine N-CNTs as well as for N-CNTs coated with 100-cycle
ALD-SnO; at (b) 200 °C and (c) 400 °C.

Fig. 7 that the PN1 centered lines of the coated samples move
towards the low energy region (right-shifting), implying that
the deposited SnO, chemically bonded to pyridine-like N con-
figurations. In particular, the energy right-shifting is much
larger with the sample coated with crystalline SnO, at
400 °C (Fig. 7(c)). On the other hand, it is also noted that there
is a shift with the PN2 centered line of the sample coated at
400 °C (Fig. 7(c)), moving towards the high energy region
(left-shifting). The energy left-shifting as well as the larger en-
ergy right-shifting with the sample coated at 400 °C suggests
that crystalline SnO, must have induced stronger interactions
to both the pyridine-like and graphite-like N configuration
than those incurred by amorphous SnO, deposited at 200 °C.
The opposite shifting of PN1 and PN2 is evidence to the previ-
ous claim [40,46]: pyridine-like and graphite-like N configura-
tion take effect on deposition with different mechanisms. In
pyridine-like N configurations, the N atoms could directly
bond with metal atoms; in graphite-like N configurations,
the N atoms could not bond with metal atoms directly but
mediated their neighboring C atoms to bond with metal
atoms [40,46]. It is also worth noting that for a given coated
sample its pyridine-like N atoms shifted more in binding en-
ergy than its graphite-like N atoms. This is in well agreement
with the earlier claim that the pyridine-like N configuration
induces a stronger binding energy to metal atoms than the
graphite-like N one. In addition, it needs to mention that
nitrogen oxides (PN3 and PN4) are not counted as main fac-
tors in this discussion, due to their low compositions. If one
would compare Fig. 7(c) with (a), it is not difficult to observe
that nitrogen oxides have little change after ALD-SnO,. The
reduction of nitrogen oxides in Fig. 7(b) may be due to a full
coverage of SnO, on N-CNTs (see Fig. 2(d)), which induced
some block to XPS measurements.

Based on the above discussion, it is reasonable to conclude
that defective sites induced by N-doping are responsible for
the initiation of ALD-SnO,. Of the doped-N configurations,
the pyridine-like and graphite-like ones are the main forces
for ALD-SnO,. In comparison, the pyridine-like N atoms took
the predominant roles, for they provided higher binding ener-
gies to certain precursor atoms. This predominance became

more evident with an increased growth temperature, for the
adsorption of atoms needs a higher binding energy under a
higher temperature. As revealed in Fig. 3(f) and (g), there are
more SnO, nanoparticles deposited in the regions of the inter-
linked nodes at 400 °C. These regions are dominated by the
pyridine-like N configuration [53], and consequently higher
binding energies provided by the pyridine-like N atoms led
more SnO, nanoparticles to deposit in the interlinked nodes.
Thus, this also explained why the coverage of SnO, decreased
at 400 °C, in comparison to the cases at 200 and 300 °C.

3.2.2. The characteristics of surface chemistry

In addition to the above investigation on the effects of N-
doping on ALD-SnO,, we also explored the underlying mecha-
nisms responsible for the growth characteristics of ALD-SnO,.
As revealed in Section 3.1, the ALD-SnO, showed a strong
dependence on growth temperatures, resulting in amorphous
nanoparticles/films (Fig. 2) at 200 °C, crystalline nanoparticles
(Fig. 3) at 400 °C, and amorphous films embellished with crys-
talline nanoparticles (Fig. 4) at 300 °C. Obviously, there existed
phase-transition in ALD-SnO, processes. To understand the
temperature-dependent phase-transition, one view from sur-
face chemistry will be helpful, for surface reactions are crucial
and possible to change with temperature in ALD processes.

Earlier studies [54-56] noticed that the ALD processes of
using metal chlorides and water as precursors always pro-
duced crystalline nanoparticles (e.g., TiO, or ZrO,) on silica
or alumina substrates when a threshold temperature
(300°C) was reached. Otherwise, amorphous films were
formed at lower temperatures. More importantly, Puurunen
[57] reviewed this sort of ALD processes, and further investi-
gated the underlying mechanisms from a view of surface
chemistry. It was suggested that the phase-transition of a
deposited material is due to the changing ALD surface reac-
tions with temperature, especially in the pulse of a metal
chloride. This researcher postulated that ligand exchange
(as described in Reaction (2-A)) dominates surface reactions
at a growth temperature lower than 300 °C, while chlorination
becomes predominant at a growth temperature higher than
300 °C. Ligand exchange competes against chlorination in
ALD processes, and their dominance highly depends on the
growth temperature. Based on Puurunen’s work, we proposed
both ligand exchange and chlorination for ALD-SnO, in this
study. For a low growth temperature, the dominant ligand ex-
change happens in both the pulse of SnCl, and H,0, as shown
in Reactions (2-A) and (2-B), respectively. As a consequence, li-
gand exchange contributes to a layer-by-layer growth of SnO,,
as demonstrated in Fig. 2. For a high growth temperature, the
dominant chlorination happens in the pulse of SnCl, as
follows:

|-OH + SnCly(g) — |-Cl + Sn(OH)Cls(g) (3-Al)
|-OH + Sn(OH)Cls(g) — [-Cl + Sn(OH),Cl,(g) (3-A2)

First, SnCl, chlorinates the surface hydroxyl groups and
form an intermediate hydroxychloride molecule (Sn(OH),Cl,)
in a two-step reaction, as shown by Reactions (3-A1) and (3-
A2). Then, the hydroxychlorides further react with surface
chlorine groups via their hydroxyl groups, as shown in the fol-
lowing reaction:
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3]

L: 200 °C

H OH OH OH OH OH OH

OH OH OH OH OH OH OH OHOHOH OH OHOH

OH OH OH OH OH OH OH OH OHOHOH OHOH OH

OH OH OH OH OH OH OH

Fig. 8 - Schematic diagram of ALD-SnO, on N-CNTs. (a) The first ALD-SnO, cycle functionalized the surface of N-CNTs: (1)
pristine N-CNTs decorated by N-doping defects, (2) SnCl, chemically adsorbed on N-CNTs in the first ALD half-reaction
induced by N-doping defects, and (3) OH functional groups generated in the second ALD half-reaction induced by H,O0. (b) The
temperature-dependent ALD-SnO, on N-CNTs: (1) N-CNTs (blue rings indicating interlinked nodes) uniformly covered by OH
groups at low (L: 200 °C) and intermediate (I: 300 °C) temperature, but with more OH groups around interlinked nodes at high
(H: 400 °C) temperature; (2) the half-reaction of SnCl, dominated by ligand exchange (L), chlorination (H), as well as a
competition (I) between the two, respectively; (3) the half-reaction of H,O dominated by ligand exchange in all the cases (L, I,
and H); (4) N-CNTs deposited with tiny amorphous (L), crystalline (H), as well as coexisting amorphous-crystalline
nanoparticles (I) after m-cycles (m < 100) of ALD-SnO,; (5) N-CNTs deposited with coaxial amorphous film (L), coalesced
crystalline nanoparticles (H), as well as coaxial amorphous film decorated with crystalline nanoparticles (I) after k-cycles
(k > 100) of ALD-SnO,.
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2||-Cl + Sn(OH),Cl,(g) — ||-O,-SnCl, + 2HCl(g) (3-A3)

In particular, the chlorine groups on the right side of the
above Reaction (3-A3) further react with hydroxychlorides in
a chain of reactions, as shown in the following reaction:

|I-O2-SnCl, + Sn(OH),Cl,(g)
— |[-(02-8n),Cl, + 2HCI(g) — - - -

— ||I-(Sn0,),Cl, + 2HCI(g) (3-A4)

As a consequence, a multilayer of SnO, is formed in one
pulse of SnCl,, accounting for a quicker growth of nanoparti-
cles at a high temperature (e.g., 400 °C) than the one at a low
temperature (e.g., 200 °C) after a same number of cycles. Addi-
tionally, it is worth noting that crystalline nanoparticles
(shown in Figs. 3 and 4) varied in sizes, i.e., they did not nucle-
ate at the same time and with a same rate. It is ascribed to the
exposure variances of local sites in the pulse of SnCly. A suf-
ficient exposure of SnCl, contributes to big nanoparticles
grown on some sites while a deficient exposure of SnCl, leads
to small nanoparticles grown on other sites. However, in a
pulse of H,O the surface reaction is the same as described
in Reaction (2-B), and rewritten as:

|-Cl + H,0(g) — ||-OH + HCl(g) (3-B)

It is obvious that chlorination leads to a non-uniform
growth of SnO,, as demonstrated in Fig. 3. Furthermore, the
case of ALD-SnO, at 300 °C (Fig. 4) provides a strong support
to the competing behavior between ligand exchange and
chlorination, resulting in amorphous films embellished with
crystalline nanoparticles. Thus, it is reasonable to conclude
that growth temperatures determined the phase-transition
of Sn0,, at which different surface reactions are dominant.
As for the limited coverage of SnO, at 400 °C, besides the rea-
son due to the difference between different doped-N configu-
rations (as discussed in Section 3.2.1), another reason is the
deficient exposure of SnCl, to some local defective sites.

Furthermore, it is noteworthy that the ALD-SnO, at 200 °C
experienced an island-like growth in the first 100 cycles be-
fore a layer of SnO, film was formed by the coalescence of
nanoparticles. However, the island-like growth mode at
200 °C is different from the growth of crystalline nanoparti-
cles at 400 °C in mechanism. The former one is determined
by the reactive nature of the N-CNT surface (mainly due to
density of functional groups) and presents a substrate-inhib-
ited characteristic, while the latter one is mainly due to the
chlorination as discussed above.

To further help form a better understanding on this study,
we schematically summarized the characteristics of the ALD-
SnO, on N-CNTs in Fig. 8. Fig. 8(a) emphasizes the effects of
N-doping. Fig. 8(al) shows two main doped-N (pyridine-like
and graphite-like) configurations in pristine N-CNTs. In the
first ALD cycle, SnCly is chemically adsorbed on the surface
of N-CNTs via N-related defects (Fig. 8(a2)), and then chlorine
(Cl) groups are replaced by hydroxyl (OH) groups in the follow-
ing reaction (Fig. 8(a3)). According to our findings in this study,
growth temperature took important influences on ALD-SnO,.
As shown in Fig. 8(b), the influences of temperature are clar-
ified. First, the coverage of OH groups on N-CNTs changes
with temperature (Fig. 8(b1)): there are more OH groups
around interlinked nodes (indicated by blue rings on N-CNTs)

at a high (H: 400 °C) temperature while the distribution of OH
groups is uniform at a low (L) and an intermediate (I)
temperature. In a following SnCl, pulse, the surface reactions
are temperature-dependent. In Fig. 8(b2), ligand exchange (L
column) and chlorination (H column) are dominant at a low
and high temperature, respectively. For an intermediate tem-
perature (I column), the two reactions compete and coexist
with each other. In a following H,O pulse (Fig. 8(b3)), however,
ligand exchange is dominant for all the temperatures. Repeat-
ing ALD-SnO, with m-cycles (<100) (Fig. 8(b4)), the deposited
SnO, presents amorphous (L column), crystalline (H column),
and coexisting amorphous-crystalline nanoparticles (I col-
umn) for different temperatures. In addition, the coverage is
mainly dependent on the initial distribution of OH groups
(Fig. 8(b1)). With increased k-cycles (>100) (Fig. 8(b5)), coaxial
films are formed on N-CNTs at a low (L column) and an inter-
mediate temperature (I column), but the latter is decorated
with some growing crystalline nanoparticles. At a high tem-
perature (H column), only crystalline nanoparticles are depos-
ited and grow with a tendency to coalesce.

In summary, the ALD-SnO, on N-CNTs is temperature-
dependent via two routes: (i) the adsorption of the tin source
precursor (SnCly) on the surface of N-CNTs was reduced with
a increased growth temperature, owing to the variances of
different doped-N configurations to chemically adsorb precur-
sor molecules; (ii) the inherent surface reactions changed
with growth temperature and there was a competition be-
tween ligand exchange and chlorination for dominance. Con-
sequently, the synthesized hybrid nanostructures present
controllable phases: amorphous (dominated by ligand ex-
change), crystalline (dominated by chlorination), as well as a
coexisting amorphous-crystalline phase (dominated by the
competition between ligand exchange and chlorination). In
addition, the morphologies of the deposited SnO, are also
controllable, presenting coaxial nanoparticles or nanofilms.

4, Conclusions

In this paper, we demonstrated a strategy to synthesize a ser-
ies of novel Sn0O,-CNT hybrid materials in a highly controlla-
ble means. This strategy was featured by applying ALD-SnO,
directly on N-CNTs and exhibited some unique advantages.
First of all, the N-CNTs could initiate the following ALD-
SnO, directly, exempt from any pretreatment as widely used
for undoped CNTs. In addition, ALD benefited the deposited
SnO, with tunable morphologies from nanoparticles to nano-
films. Furthermore, the temperature-dependent nature of
surface reactions contributed the deposited SnO, to controlla-
ble phases from amorphous to crystalline or a coexisting
amorphous-crystalline phase. In order to get a better
understanding on the role of N-CNTs and the temperature-
dependent nature of ALD-SnO,, we also explored the underly-
ing mechanisms. Using XPS, we first investigated the effects
of N-doping on the initiation of ALD-SnO,. It was revealed
that N-related defects were crucial, especially the graphite-
like and pyridine-like N configuration. In comparison,
pyridine-like N configuration played a more important role
in ALD-SnO,. As for the controllable phases with growth tem-
perature, it was suggested that different growth temperatures
induced different surface reactions in ALD-SnO, and thereby
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determined the phase of the deposited SnO,. It is believed
that ligand exchange was dominant at low temperatures
while chlorination was paramount at high temperatures.
The former led to amorphous SnO, deposited at 200 °C while
the latter was responsible for crystalline SnO, deposited at
400 °C. The two competed with each other with temperature,
and led to a coexisting amorphous-crystalline phase of SnO,
deposited at 300 °C. As a consequence, this work not only ful-
filled a new strategy for synthesizing SnO,-CNT hybrid mate-
rials but provided the underlying mechanisms for a better
understanding as well. In particular, these novel SnO,-CNT
hybrids have great potential applications in many important
areas, such as lithium-ion batteries, and gas-sensors.
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