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Molecular Layer Deposition**

Chaoqiu Chen, Ping Li, Guizhen Wang, Yu Yu, Feifei Duan, Caiying Chen, Weiguo Song,
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Molecular layer deposition (MLD) is a processing technology
for depositing ultrathin polymer or inorganic—organic hybrid
films. It is a subset of atomic layer deposition (ALD) and has
attracted tremendous attention because of its self-limiting
nature, excellent conformality, chemical selectivity and low
reaction temperature.“’é] However, because of factors like
low vapor pressure and thermal sensitivity of many organic
molecules and poor understanding of vapor-phase organic
coupling reactions,” the variety of combinations of organic
and inorganic reactants that have been used for successful
MLD is sparse. Up to now, only a few organic-inorganic
polymer films, including alucone,®" zincone,!” and titani-
cone,l*¥l have been grown through MLD and those were
mainly based on reactions between metal alkyl/chloride and
glycol/glycerol. Given the great promise of MLD, it is highly
demanded to develop new processing strategies for MLD.
One important aspect for producing a larger range of
organic—inorganic mixtures is the variability of compositions
of the constituting organic and inorganic fractions of the
resulting films. A limitation to rather short organic spacers,
such as glycol, between the metal ions is a bottleneck for the
synthesis of films with a broader range of organic-inorganic
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volume ratios. By designing new processing strategies for the
organic component, the properties of the resulting films can
be more easily tuned by varying their composition. These
organic—inorganic hybrid films can be further used to produce
porous metal oxide films by removing the organic component
and the porosity of the resulting inorganic films will depend
on the volume occupied by the organic constituting part,
making such films attractive for many applications such as
catalysis, separation, sensing, and energy conversion and
storage.

As an important semiconductor, TiO, has been intensely
investigated using various ALD processes for its evident
application potential in solar-energy devices, environmental
remediation, and as catalyst support.!'"? However, due to
the ALD growth characteristics these TiO, films are intrinsi-
cally pinhole-free with low specific surface areas, resulting in
low photocatalytic activity.'*?! Recently, the research groups
of George, Yerushalmi, and our group reported nearly in
parallel the successful preparation of porous TiO, by anneal-
ing or UV exposure of Ti-containing hybrid organic-inorganic
films (titanicones) produced by MLD using TiCl, and glycol
or glycerol as reactants.'>!“?!l However, their activity is only
efficient with ultraviolet light irradiation because of the wide
band gap of TiO, (3.2 eV for anatase). Therefore, developing
new MLD processes to grow porous TiO, films with visible
light response and larger surface area is very welcome for
such applications.

Herein, we demonstrate a novel MLD process for
preparing porous N-doped TiO, films. The process is based
on a new strategy, a four-step ABCB reaction sequence using
titanium tetrachloride (TiCl,, precursor A), ethanolamine
(EA, precursor B), and malonyl chloride (MC, precursor C)
as the reactants. The reaction includes a hetero-bifunctional
and a homo-bifunctional organic precursor, both ensuring
certain selectivity of coupling reactions in each step of the
process. Furthermore, this synthesis strategy is also success-
fully applied to the growth of nanoporous ALO; films by
replacing TiCl, with trimethylaluminum (TMA) as a metal-
containing precursor. The shown strategy allows a combina-
torial approach to organic-inorganic hybrid materials
through control of the coupling by controlling the surface
functional groups. In this way it becomes possible to still
maintain the self-limited growth conditions. The four coupling
sites used in this work (metal halide, acyl chloride, amine, and
alcohol) offer a wide variety of tuning possibilities for the
composition of the organic-inorganic hybrid film. In addition,
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Figure 1. Four-step ABCB reaction sequence for Ti-hybrid film formation using TiCl,,

EA, and MC as molecular precursors.

the amine group introduced in this process allows in situ
doping of the TiO, with nitrogen.

Figure 1 shows a proposed reaction sequence during this
four-step ABCB MLD process for the Ti-hybrid film growth.
Firstly, TiCl, reacts with hydroxy groups on the substrate
surface to form -TiCl, species. Secondly, the hydroxy end of
the EA reacts preferentially with the -TiCl, species resulting
in a -OCH,CH,NH, terminated surface, which subsequently
anchors the MC in the following third step to form a new
surface species terminated by acyl chloride. In the final step,
the amino end of the EA reacts preferentially with the
surface-terminating acyl chloride groups to reform hydroxy
groups on the surface, closing one deposition cycle. The four-
step ABCB sequence is repeated in a desired number to grow
the hybrid films. After annealing in a H,/Ar atmosphere, N-
doped TiO, nanoporous films were obtained from the films
described above. The process enables tuning of the distance
between adjacent Ti moieties through the length of the
organic linkers.

Herein, suspended CuO nanowires, grown on transmis-
sion electron microscope (TEM) Cu grids (3.05mm in
diameter, Plano, Germany) by heating in air,”? were used
as substrates for the deposition of hybrid films and were for
convenience directly applied for subsequent TEM analysis.
Figure 2a shows a TEM image of the produced Ti-hybrid/
CuO nanowires. The Ti-hybrid film grown with a thickness of
about 30 nm after 50 MLD cycles is very smooth, uniform,
and conformal, as expected from the self-limiting growth of
the molecular layers.” After annealing in Hy/Ar at 600°C for
2h, porous TiO, nanotubes are obtained, as shown in
Figure 2b and 2c. The substrate CuO nanowires disappear
and Cu particles are observed at the terminal ends of the
porous TiO, nanotubes as a result of out-diffusion (see
detailed information in Figure S1 in the Supporting Informa-
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NH tion). The selected-area electron diffraction pat-

NHzg NH: - tern (SAED, inset in Figure 2b) and the high-

g resolution TEM image (Figure2d) reveal the
polycrystalline nature of these TiO, nanotubes.
o The observed diffraction rings agree well with the
| lattice spacing of the TiO, crystals.

To investigate the photocatalytic activity of the
nanoporous TiO, film, carbon nanocoils (CNCs)
were selected as substrates for Ti-hybrid film
HEl deposition because of their high surface area and

good electrical conductivity. Uniform coatings of

al the CNCs are easily obtained because of the

abundant surface defect sites,*?] which are in
contrast to the inert surface of pristine carbon
nanotubes.”” Figure 2e shows the morphology of
uncoated CNCs with diameters of about 100 nm,
g having a uniform contrast. After applying 50
& ABCB cycles of MLD, a conformal and uniform
film with a thickness of about 30 nm is successfully
deposited onto the surface of the CNCs, clearly
visible from the darker contrast as compared to
the pristine CNCs (Figure 2 f). The film deposited
after 50 MLD cycles was analyzed using Fourier
transform infrared spectroscopy (FT-IR). The

Figure 2. a) TEM image of Ti-hybrid/CuO nanowires obtained after 50
ABCB MLD cycles. b) Low-magnification TEM image of nanoporous N-
doped TiO, nanotubes obtained after 100 ABCB MLD cycles on CuO
nanowires following annealing at 600°C in H,/Ar (inset: corresponding
SAED pattern). c) High-magnification TEM image of nanoporous N-
doped TiO, nanotubes. d) HRTEM image of N-doped TiO, nanotubes.
e) TEM image of CNCs. f) TEM image of Ti-hybrid/CNCs obtained
after 50 ABCB MLD cycles. g) Low-magnification TEM image of
nanoporous N-doped TiO,/CNCs obtained after 100 ABCB MLD cycles
following annealing at 600°C in H,/Ar (inset: corresponding high-
magnification TEM image).
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observed FT-IR absorbance peaks (Figure S2 in the Support-
ing Information) confirm the successful covalent bonding of
EA and MC and the formation of the new Ti-hybrid film using
the four-step ABCB reaction sequence.

Similar to above, the Ti-hybrid MLD films on the surface
of CNCs were transformed to porous inorganic oxide films by
annealing in a H,/Ar atmosphere (Figure 2g). The porous
structure is not clearly seen with TEM at low magnification
because of the interference of the CNCs and carbon-coated
Cu grids which support the TiO,/CNCs during TEM analysis.
However, the high-magnification TEM image confirms that
the TiO, shell is porous (inset in Figure 2g). It should be
noted that the outer surfaces of the TiO,/CNCs obtained after
applying 100 MLD cycles are not coiled any more. This is
resulting from the conformal growth on curved substrates,
which can blunt or smoothen sharp asperities and surface
features with an increasing film thickness.””l In contrast to
annealing in H,/Ar, annealing of the Ti-hybrid MLD film/
CNCs in air at 600 °C failed to produce porous nanotubes (see
Figure S3 in the Supporting Information). This is because of
the aggregation of TiO, nanoparticles through Ostwald
ripening at high temperatures, resulting in the collapse of
the TiO, nanotubes and pore structures. Upon annealing in
a H,/Ar atmosphere, the porous structure of the TiO, films is
maintained even at high temperatures. It is possibly because
of the generation of amorphous carbon on the TiO, surface by
decomposition of the organic component, which can prevent
the aggregation of TiO, at high temperatures. This novel
ABCB MLD method is also compatible with further metal-
containing precursors as shown on the example of nano-
porous Al,O; helical nanotubes produced by replacing TiCl,
with trimethylaluminum with otherwise identical procedure
(see Figure S4 in the Supporting Information).

X-ray photoelectron spectroscopy (XPS) measurements
were performed to determine the composition of the Ti-
hybrid/CNC composites and the resulting porous N-doped
TiO,/CNCs. Figure 3a shows the presence of titanium,
oxygen, nitrogen, and carbon atoms in the XPS survey
spectra for the Ti-hybrid/CNCs, which is consistent with the
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Figure 3. XPS analysis of Ti-hybrid/CNCs and nanoporous N-doped
TiO,/CNCs produced by annealing the Ti-hybrid/CNCs at 600°C in H,/
Ar. a) XPS survey of the two specimens. b) High-resolution N 1s
spectra of the two specimens.
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above-mentioned FT-IR results. In addition, a weak peak at
about 198.16 eV is observed, indicating the presence of
chlorine impurities, which was also observed by George and
co-workers in their previous reports for titanicone films
grown using TiCl, and EG.'® The N 1s peak in the XPS
spectra of the Ti-hybrid/CNCs is fitted into two peaks
centered at 399.46 and 401.48 eV (Figure 3b), corresponding
to amide®! and protonated amine.”! According to Figure 1,
the MLD process should only contain amide incorporated
into the Ti-hybrid film. The protonated amines may result
from a reaction between amine and HCI, considering the fact
that the HCI is the main by-product during the MLD
deposition.”! After annealing at 600°C in a H,/Ar atmosphere
and removal of the organic part of the film, the nitrogen signal
is observed at 399.53 eV (Figure 3b), which can be ascribed to
nitrogen most likely located in an interstitial site in TiO,,
suggesting incorporation of N atoms into the resulting TiO,
porous films.2

Thermogravimetric analysis coupled with mass spectrom-
etry (TG-MS) in an Ar atmosphere was performed to gain
further insight into the decomposition reaction and the
products involved during the Ti-hybrid-oxide transformation.
The TG and MS profiles for selected gaseous products
evolved during heating in argon are shown in Figure 4. The
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Figure 4. a) TG profiles of Ti-hybrid/CNCs obtained after 200 MLD
cycles (heating rate of 10°C, Ar flux). b) MS profiles of selected
gaseous products.

TG plot (Figure 4 a) shows two major weight loss regions. The
first (up to about 140°C) can be attributed to desorption of
adsorbed water molecules, which is confirmed by MS analysis
(m/z =18 and 17, Figure 4b), resulting in a 5% weight loss.
The second weight loss, starting around 160 °C, corresponds to
the decomposition of the as-prepared MLD Ti-hybrid film
with evolution of CH, (m/z =16 and 12), CO, (m/z =44), and
NH; (m/z =17 and 16) which was elsewhere used as nitrogen
source for N-doped TiO, materials.*>*) Based on these
results, it can be deduced that the substitutional doping of
TiO, with N atoms occurred through an in situ reaction of
TiO, with NH;, which was released during the annealing
process.
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The photocatalytic activities of the porous N-doped TiO,/
CNCs with varying MLD cycle numbers were evaluated using
the photodegradation of methylene blue (MB) under visible-
light irradiation (4>420nm) as a probe reaction, and the
preliminary results are shown in Figure 5. Prior to the
photodegradation tests, all samples were annealed in air to
remove the amorphous carbon, which was formed on the
surface of the TiO, nanocrystals and served as a barrier
against the ripening of TiO, nanocrystals during the decom-
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MB molecules to quickly adsorb to the N-doped TiO,
nanocrystals, which then act as catalytic sites to degrade the
molecules under visible light irradiation, making the N-doped
TiO,/CNCs exhibit excellent photodegradation activity in
visible light. The photocatalytic activity of porous N-doped
TiO,/CNCs under visible light irradiation is in strong contrast
to the very low activity of un-doped TiO,/CNCs prepared by
coating carbon nanocoils with TiCl, and H,O as precursors
(Figure S7). For comparison, the photocatalytic activity of N-
doped TiO,/CNCs under ultra-
violet light (A =365 nm) irradi-

104 @) —=—N-Ti0,-200 cycles/CNCs 104 D) —8—N-TiO,-100 cycles/CNCs-350 ation was also investigated,
—4&—N-TiO,-200 cycles/CNCs-300 light on —@—N-Ti0,-200 cycles/CNCs-350 l h h h ..
—o—N-Ti0,-200 cycles/CNCs-350 . —&—N-Ti0,-300 cycles/CNCs-350 revealing a much higher activity
0.8 —¥—N-Ti0;-200 cycles/CNCs-400 0.8 " —¥—N-TiO,-400 cycles/CNCs-350 than under visible light irradia-
B o 6 tion (Figure SS).
) o In conclusion, a novel MLD
© o4 © 04 method based on a four step
ABCB reaction sequence using
0.24 0.2 . .
TiCl,, ethanolamine, and
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Figure 5. Photocatalytic degradation of MB under visible light irradiation monitored as the normalized

concentration change versus irradiation time for different samples (C, is the concentration of MB at the
irradiation time t and G, is the initial concentration). a) For nanoporous N-doped TiO,/CNCs (produced
with 200 MLD cycles) after removal of amorphous carbon by annealing in air at different temperatures.
b) For nanoporous N-doped TiO,/CNCs produced with varying MLD cycles after removal of amorphous

carbon by annealing in air at 350°C.

position of the Ti-hybrid film in H,/Ar. The annealing
temperature has an important effect on the photocatalytic
behavior of N-doped TiO,/CNCs. As shown in Figure 5a, the
photocatalytic activity was obviously enhanced after calcina-
tion of the N-doped TiO,/CNCs, coated with 200 MLD cycles,
in air from 300 to 400°C. The sample calcined at 350°C
exhibited the best performance. On the one hand, the surface
area of the N-doped TiO,/CNCs increases after removal of
the amorphous carbon (Table S1), resulting in more adsorbed
MB and a faster decomposition rate for MB. On the other
hand, a higher temperature (400°C) leads to aggregation of
TiO, and decreases its photocatalytic activity because of
a lower surface area (Figure S5 and Table S1). XPS analyses
show that the peak positions of N 1s of the samples before
(Figure 3b) and after (Figure S6) annealing in air at 350°C
are identical and that their N/Ti atomic ratios are 0.26 and
0.27, respectively, indicating that the nature of nitrogen and
its content keep nearly unchanged after annealing in air.
Figure 5b shows the photocatalytic performance of N-
doped TiO,/CNCs with varying MLD cycle numbers and
under fixed annealing conditions (350°C in air). With an
increasing MLD cycle number from 100 to 400, the activity of
N-doped TiO,/CNCs initially increased and subsequently
decreased. The N-doped TiO,/CNCs with 200 MLD cycles
showed the fastest decomposition rate for MB, probably
because of the best matching of TiO, content and shorter
diffusion length, which stands in correlation to the MLD film
thickness. The nanoporous structure and the nanoscale thick-
ness of the N-doped TiO, film prepared by MLD favor the
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surfaces of CuO nanowires and
CNCs. The reaction includes
a hetero-bifunctional organic
precursor and a homo-bifunc-
tional organic precursor, both
ensuring a certain selectivity of
the coupling reactions in each
step of the process and allowing
a combinatorial approach to organic-inorganic hybrid mate-
rials through control of the functional groups of the mole-
cules. The four coupling sites used herein (metal halide, acyl
chloride, amine, and alcohol) offer a wide variety of tuning
possibilities for the composition of the organic-inorganic
hybrid film and the resulting chemical and physical proper-
ties. An adaptation of the methodology implies a variety of
possibilities for tuning the distance between adjacent Ti ions
and thus the Ti content in the hybrid film by selecting the
chain length of the organic linkers and even modification of
processes towards ABCBCBA or further pulsing sequences.
Under annealing in H,/Ar, the obtained Ti-hybrid materials
transformed into nanoporous N-doped TiO, nanotubes and
nanoporous N-doped TiO,/CNCs, respectively. The TG-MS
results showed that nitrogen doping occurred through a reac-
tion of TiO, with NH;, which was generated insitu by
decomposition of the amide-containing organic components.
The nanoporous N-doped TiO,/CNCs obtained after applying
200 MLD cycles exhibited excellent photocatalytic activity for
the degradation of MB even with visible light. This synthesis
method can be further extended to fabricate other hybrid and
after annealing nanoporous materials as shown on the
example of Al,O;.

Experimental Section

MLD process: The CNCs used in this work were synthesized by
chemical vapor deposition using acetylene as a carbon source and
copper nanoparticles as catalysts at 250°C, followed by a heat
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treatment at 900°C in Ar atmosphere for 1h as reported previ-
ously.?! The MLD process was carried out in a hot-wall closed
chamber-type ALD reactor. Prior to MLD, the CNCs were dispersed
in ethanol by ultrasonic agitation and then dropped onto a quartz
wafer. After being air-dried, the Ti-hybrid films were deposited by
sequential exposure of the CNCs to TiCl,, ethanolamine, malonyl
chloride, and ethanolamine. The deposition temperature was 100°C.
The temperature of the ethanolamine source was kept at 80°C. After
the MLD process, the samples were transferred to a furnace and
annealed at 600°C in 5% H,/Ar atmosphere for 2 h.

Characterization: XRD patterns were collected on a Bruker D8
Advanced X-ray Diffractometer. TEM and HRTEM images were
taken with a JEOL-2100F microscope. The samples for TEM analysis
were prepared by dropping an ethanol droplet of the products on
carbon-coated copper grids and drying at room temperature. FTIR
spectra were recorded with a Bruker Tensor 27 instrument. For the
XPS analysis, a Kratos AXIS 165 multitechnique electron spectrom-
eter was used. The surface area of the products was measured by the
Brunauer-Emmet-Teller (BET) method using N, adsorption and
desorption isotherms on an Autosorb-1 analyzer. TG-MS studies were
performed using a thermogravimetric analyzer (SETARAM, Evolu-
tion 16/18) coupled with an on-line mass spectrometer (Balzers,
Oministar; heating rate 10°Cmin ", argon flow). The voltage of the
electron source was 40 eV, and the used detector was a multi-channel
type with a voltage of 950 V. The variation of the contents of H,O,
CO,, CH,, and NH; was detected at the same time.

Photocatalytic activity tests: The photocatalytic experiments
were performed based on the degradation of the methylene blue
(MB) solution under visible-light irradiation. In a typical measure-
ment, 10 mg of the sample was added into 30 mL of organic pollutant
solution (2.5 x 107> M) followed by stirring. After continuous stirring
in the dark for 1 h to ensure an adsorption/desorption equilibrium of
MB, the suspension was irradiated by a xenon lamp with an optical
filter cutting off wavelengths below 420 nm. At regular time intervals,
2 mL portions of the suspension were removed and centrifuged at
12000 rpm (rotations per minute) for 10 minutes to remove the
catalysts before UV/Vis measurements were performed for monitor-
ing the concentration change of MB.
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