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In the present work, we report on a theoretical-computational study of the growth mechanism of the TiO,-
Graphene nanohybrid by atomic layer deposition. Hydroxyl groups (OH) are anchoring sites for interacting
with the main ALD titanium precursors (Tetrakis (dimethylamino) Titanium, Titanium Tetrachloride, and
Titanium Isopropoxide). Results demonstrate that the chemical nature of the precursor directly affects
the reaction mechanism in each ALD growth step. Tetrakis(dimethylamino)titanium is the precursor that
presents a higher affinity (lower energy barriers for the reaction) to hydroxylated graphene in the growth
process. A complete reaction mechanism for each precursor was proposed. The differences between
precursors were discussed through the non-covalent interactions index. Finally, the water molecules
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1. Introduction

The key to the progress of physical and chemical sciences is
understanding and manipulating the properties at the atomic
scale. Studying the chemical reactions that allow us to manip-
ulate matter has become fundamental to scientific develop-
ment." Nanoscience is a set of methods and techniques to treat
matter and obtain novel functionalities and improved
characteristics.”?

Nanoscale functional hybrid materials are promising in
chemistry. These are synthetic materials with organic and
inorganic components linked by either non-covalent or covalent
bonds.* The limitless combinations of the different properties
of inorganic, organic, or bioactive components in a single
nanoscale material have attracted considerable attention.’ This
approach allows one to create advanced materials with well-
controlled structures and multiple functionalities. The unique

“Centro de Investigacion Cientifica y de Educacion Superior de Ensenada,Carretera,
Tijuana-Ensenada 3918, Apdo. Postal 22860, Ensenada, B.C., Mexico

*Centro de Nanociencias y Nanotecnologia, Universidad Nacional Autonoma de
Meéxico, Km.107, Apdo. Postal 14. Carretera Tijuana-Ensenada, Ensenada, Baja
California, Mexico. E-mail: hborbon@ens.cnyn.unam.mx; guerrero@ens.cnyn.unam.
mx

‘CONAHCyT- Centro de Nanociencias y Nanotecnologia, Universidad Nacional
Autonoma de Meéxico, Km.107, Apdo. Postal 14. Carretera Tijuana-Ensenada,
Ensenada, Baja California, Mexico

“Institute of Theoretical and Applied Research, Duy Tan University, Ha Noi 100000,
Viet Nam

Faculty of Natural Sciences, Duy Tan University, Da Nang 550000, Viet Nam

(ESD) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3na00729d

5476 | Nanoscale Adv, 2023, 5, 5476-5486

properties of advanced hybrid nanomaterials can be advanta-
geous in many fields, such as optical and electronic materials,
biomaterials, catalysis, sensing, coating, and energy storage.*®

Titanium dioxide (TiO,) is a metal oxide used to develop
photoactive materials for solar energy conversion. It shows
efficient photo activity, higher photo-corrosion stability, and
low cost.”® Due to its high specific energy density and abundant
availability, TiO, is also a promising material for super-
capacitors, sensors, and other electronic, chemical sensing, and
energy storage devices.'”"* However, the low conductivity of
TiO, is the main obstacle to developing advanced optoelec-
tronic materials. TiO, nanoparticle-based organic hybrids can
enhance the conductivity for developing future optoelectronic
materials.™

Graphene possesses zero band gap and is not chemically
reactive, restricting its use in semiconductor devices and
sensors.™ It is possible to modify its electronic and chemical
properties through functionalization; surface coatings with
different functional groups and couplings in heterostructures
become very relevant in building hybrid materials with a high
range of applications."*

The hybrid titanium dioxide-graphene (TiO,-GR) is a new
nanomaterial with improved properties, increasing its potential
applications.'® This nanocomposite is very attractive for
manufacturing inorganic compounds with GR matrices thanks
to its unique electronic properties, high transparency, flexible
structure, and large theoretical specific surface area.””* Among
the improvements, the high surface area makes GR beneficial to
improving the interfacial contact in the compound; likewise,
the doped inorganic TiO, nanostructure can prevent the re-
aggregation of exfoliated GR sheets, maintaining the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performance of GR.>**** Furthermore, since GR has excellent
physical and chemical properties, TiO,-carbon compounds can
also show good photocatalytic activity under UV light.>® There-
fore, compared to the pure materials, GR-based nano-
composites exhibit improved activities due to the synergistic
effect of the GR and TiO, components.*”**

Some typical manufacturing methods for TiO,-GR nano-
hybrids are the hydrothermal method, the solvent method, the
self-assembly method, the electro-spinning method, and atomic
layer deposition (ALD).>* ALD, formerly known as atomic layer
epitaxy, is a technique that enables a layer-by-layer growth of
metallic, oxide, sulfide, and nitride films onto the surface of
materials.”*?® ALD is crucial in manufacturing various devices
and is part of the tools available for synthesizing nano-
materials.?>** Most ALD reactions use two chemicals called
precursors or reactants. These precursors react with the surface
of a material, one at a time, sequentially, and self-limitedly.
Through repeated exposure to separate precursors, a thin film
is homogeneously deposited. In the case of the TiO,-GR hybrid,
the most used precursors as titanium source are:*'** Tetrakis
(dimethylamino) titanium (TDMAT) Ti[(CH;),N]s, Titanium
tetrachloride (TTC): TiCly, and Titanium isopropoxide (TIP): Ti
[OCH(CH3),]4

Having a chemically reactive surface is very important in ALD
growth.** However, graphene (like other substrate materials) is
not chemically reactive, restricting the ALD nucleation process.
Hydroxylation, through different physical and chemical
methods, improves nucleation.** A hydroxyl-terminated surface
reacts more readily with many ALD precursors, resulting in
a more complete reaction with the graphene surface, thus
improving the nucleation.?® In these cases, the surface hydroxyl
groups play an important role because they take place as the
anchoring sites or growth zones to achieve the reaction with the
precursor molecules.*

The high precision provided by the ALD technique and an
atomic-scale film growth control makes ALD the ideal method
to study the nucleation and growth of nanocomposite materials
at the atomic scale.* One of these methods is to use Quantum
mechanical calculations based on the density functional theory
(DFT)***” to develop a model of the chemistry involved in the
reactions that occur in the ALD processes during the growth
stages of TiO,-GR hybrid nanofilms.***°

In this paper, we demonstrate that the chemical nature of
the precursor directly affects the TiO, ALD growth on hydrox-
ylated graphene through a theoretical-computational study. The
minimum energy pathways and the non-covalent interactions
index (NCI) helps describe and compare the TiO, growth using
three main ALD titanium precursors (TDMAT, TIP, TTC) and
their interactions with the hydroxylated graphene
nanostructure.

2. Computational method

We have used spin-unrestricted quantum mechanical calcula-
tions to describe the TDMAT, TIP, and TTC adsorption and the
initial stages of the TiO, formation on hydroxyl functionalized
graphene. Calculations based on Density Functional Theory*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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have been used, as implemented in the PWscf code of the
Quantum ESPRESSO package.”>** The electronic states and
charge density have been expanded in plane waves with kinetic
energy and charge density cutoffs of 40 Ry and 320 Ry, respec-
tively. The exchange-correlation interactions have been
modeled by using the generalized gradient approximation, as
stated by Perdew-Burke-Ernzerhof (PBE).*"** Ultrasoft pseudo-
potentials consider the ion-electron interactions.*® The valence
configurations for the atomic species are C-2s 2p?, Ti-4s” 3d?,
and 0-25°2p*. Grimme-D3 long-range dispersion corrected
interactions are accounted for to describe the solid-gas inter-
actions.*® The energy convergence criterion was set to 1 x 10™*
Ry. The graphene unit cell has a lattice parameter a = 2.46 A,
with interatomic distance ~1.42 A.” We used 4 x 4 (when
treating TDMAT and TTC) and 5 x 5 (in the case of TIP) gra-
phene supercells. Different periodicities will result in similar
results since the ALD reaction is localized at the active OH sites.
The length of the supercell along z direction was optimized to
10 A. This length is large enough to preclude interaction
between neighbor molecules.*®*** Climbing Image Nudged
Elastic Band (CI-NEB) calculations were applied to obtain the
different ALD reaction steps’ minimum energy pathways
(MEP).»

3. Results and discussion

First, we calculate the structure of the three titanium precursors
and compare them with the already reported structures. Also,
hydroxylated graphene was constructed considering a vacancy
defect in which the remaining C dangling bonds are saturated
by hydrogen atoms to just consider the hydroxyl effect on the
ALD reactions®~* (see Fig. S1(a-d), ESIt).

The next step is to evaluate the precursor-hydroxylated gra-
phene interaction in the different ALD growth steps. ALD
comprises two half-cycles, the first in which the organometallic
precursor arrives at the functionalized substrate and the second
in which the oxidizing agent reacts with the surface-attached
metallic precursor molecule.

3.1 First half ALD cycle

In the first ALD half cycle, we evaluated the interaction between
the precursor molecules with the hydroxylated graphene
(GR(OH)) surface. Here, we describe the ligand exchange reac-
tion for each precursor; these are:

TDMAT

Ti-[N(CH;)o]s + |GR|-OH — |GR|-O-Ti-[N(CH3):]5
+ NH(CHj3), (1a)
TTC
TiCl, + |GR|-OH — Ti(Cl;)-O-|GR| + HCI (1b)
TIP
Ti-{O-CH(CHs),}s + |GR]-OH — |GR|-O-Ti-[0-CH(CH3)s]s
+ (OH)}-CH(CHs),  (1c)

Nanoscale Adv., 2023, 5, 5476-5486 | 5477
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In GR(OH)-TDMAT (see Fig. 1a), we can observe the ligand
exchange between the hydroxyl group of the GR surface and one
amine group of the TDMAT molecule. In the GR(OH)-TTC
reaction (see Fig. 1b), the ligand exchange happens with one
chlorine atom of the TCC molecule. Finally, for the GR(OH)-TIP
reaction (Fig. 1c), the ligand exchange occurs between the one
isopropyl group from the TIP molecule and the OH on the
surface. The reaction products obtained for the TDMAT, TTC,
and TIP are dimethylamine, hydrochloric acid, and isopropyl
alcohol. Similar reaction products have been observed previ-
ously in ALD reactions***. The main difference was the atomic
species interaction with the hydroxylated graphene surface ([N-
H] for TDMAT, [Cl-H] for TTC, and [O-H] for TIP), and the
position of the precursor molecules to generate the interac-
tions, being governed by steric hindrance and attraction
between the species according to the chemical nature of each
precursor. In each case, a Ti-O bond appears.

3.2 First half ALD cycle: reactions pathways

To evaluate the viability of the first half ALD cycle, we proceed to
evaluate the minimum energy pathway (MEP) of each ligand
exchange reaction. The first half cycle has three steps. The
initial step (IS) is when the organometallic precursor interacts
with the GR(OH). The intermediate step is the energy barrier to

a) TDMAT
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achieve the ligand-exchange reaction—the final step (FS) is the
reaction product generation. Fig. 2 depicts the minimum energy
pathway to achieve the FS for each precursor.

For TDMAT, notice that the ligand-exchange occurs almost
with no energy barrier (TSypmar = 0.01 eV). Also, to achieve FS,
the system gains energy (—0.64 eV), which is the most probable
scenario if all precursors are competing. For TTC and TIP, the
energy barriers are higher (TStpc = 0.77 eV and TSyp = 0.65 €V),
respectively. Compared with some of the few works related to
the MEPs of these reactions, the behavior of the energetic
barriers is the same. The energy barrier to go further with the
reaction occurs when the ligand exchange between the
precursor and the surface hydroxyl group is generated. In our
case, only one hydroxyl group was used to elucidate and
compare the behavior between precursors.**** The ligand-
exchange reactions calculated could happen in the following
order, TDMAT < TIP < TTC. Our calculations follow the well-
known temperature tendency for the titanium precursors,
where the reaction temperature follows the order TDMAT < TIP
< TTC,*>> see Fig. S2.T7 Here we can relate the obtained energy
barriers with the temperature reported for the deposition of
each precursor, since it is the energy required to turn on the
reactions in the TiO, ALD growth. So, our calculations show that
TDAMT is more efficient in the first ALD half-reaction.

BN 7-(N(CHo) L + GR-OH — GR-O-THIN(CHy)zls + NH(CHy),

b) TTC

A
-

4

m TiCl, + GR-OH — GR-O-TiCl; + HCI

c) TIP

n Ti-[0-CH(CHa),Js + GR-OH — GR-O~{Ti{O-CH(CHs),Js} + [(OH)-CH(CH,),] |

| ® Carbon (C) O Hydrogen (H) Titanium (Ti)

® Oxygen (O) @ Nitrogen (N) Chlorine (Cl)

Fig.1 Atomic model of TDMAT (a), TTC (b), and TIP (c) precursors interacting with the OH functionalized graphene nanostructure on the 1st ALD

step.
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Fig. 2 Minimum energy pathways for the 1st ALD half cycle.

3.3 Second half ALD cycle

After the first ALD cycle, the system goes under a purge to
eliminate all the unreacted precursors and the reaction prod-
ucts in each case (dimethylamine from TDMAT, hydrochloric
acid from TTC, and isopropyl alcohol from TIP). After that, the
second half ALD cycle begins. Here the substrate is exposed to
an oxidizing agent, where H,O molecules are the most
employed experimentally.®***%® The reactions that take place
are:
TDMAT

|GR|-O-Ti-[N(CH3)2]5 + HyO — [GR|-O-{(OH)-Ti-[N(CH;3)2]o}
+ NH(CH3)2 (23)

TTC
|GR|-O-TiCl; + H,O — |GR|-O-{(Cl,)-Ti-(OH)} + HCI (2b)
TIP

|GR|-O- Ti-[O-CH(CH3),}; + H,0 — |GR|-O-{(OH)-
Ti-[O-CH(CH;),],} + (OH)-CH(CHs), (2¢)

From an atomistic point of view, we evaluated the interaction
between the surface obtained in the first ALD step with a water
molecule. In this reaction, we appreciate the oxidation in the
surface, where the water approached and generated the ligand-
exchange. This process happens for each precursor, and the
ligand-exchange is like the first step. We have the same reaction
products (dimethylamine from TDMAT, hydrochloric acid from
TTC, and isopropyl alcohol from TIP).>>~%

For the oxidation process, when TDMAT is chemisorbed on
the surface (GRO-TDMAT), the ligand exchange occurs when the
H,O0 molecule approaches the surface. It generates interaction

© 2023 The Author(s). Published by the Royal Society of Chemistry

with an amine group through one nitrogen atom, breaking the
water molecule (see Fig. 3a). For the case of GRO-TTC surface
oxidation, the interaction happens between the oxygen in the
H,O and the titanium atom directly (Fig. 3b); the water mole-
cule tilts, and the H from H,O interacts with the chlorine atom,
breaking the bonds and generating the ligand-exchange.
Finally, for GRO-TIP oxidation (Fig. 3c), the ligand-exchange
occurs as in the TTC case; the water molecule approaches the
titanium atom and then generates the ligand-exchange with an
isopropyl group on the TIP molecule. After this step, the second
bond between Ti and OH group appears.

3.3.1 Second half ALD cycle: reaction pathways. As in the
first ALD cycle, the same tendency is observed; the energy
barrier for the ligand exchange in TDMAT (eqn (2a)) is 0.40 eV,
while the required energy for the ligand exchange in TTC (eqn
(2b)) and TIP (eqn (2c)) is 0.96 eV and 0.80 eV, respectively (see
Fig. 4). The minimum energy pathways of the ligand-exchange
processes for the H,O molecule interaction with the different
titanium precursors are depicted in Fig. 4. MEP shows that
when the water molecule interacts with TDMAT, the reaction
proceeds forward in an exothermic process (it gains —0.27 eV).
The reactions in TTC and TIP are endothermic since the initial
step energy is lower than the final step by 0.46 eV and 0.33 eV,
respectively. Similar trends have been reported in the literature
for the MEPs, in which the energy barriers are larger than in the
first half ALD cycle.’**** Here the observed energetic trend
TDMAT < TTC < TIP remains, so the most efficient precursor to
complete the ALD reaction is TDMAT.

3.3.2 Second half ALD cycle: the effect of water molecules.
To analyze the second middle ALD cycle, we must focus on the
water molecules effect since it has been demonstrated that
water molecules interact to efficiently reduce the required
energy for the ligand-exchange (in this case, partial water
splitting: H,O — O + OH). This effect has already been proven

Nanoscale Adv., 2023, 5, 5476-5486 | 5479
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Fig. 3 Atomic model of H,O molecule interacting with (a) GRO-TDMAT, (b) GRO-TTC, and (c) GRO-TIP surfaces for the second ALD half cycle.
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Fig. 4 Minimum energy pathways for the 2nd ALD half cycle with one water molecule.

5480 | Nanoscale Adv, 2023, 5, 5476-5486

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00729d

Open Access Article. Published on 07 September 2023. Downloaded on 2/23/2026 11:33:06 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

for the ZnO ALD growth?®® and to generate water splitting in TiO,
due to the formation of water networks mediated by weak
interactions®®. In this case, we evaluated the effect of water
molecules by explicitly adding two water molecules in the
second ALD cycle. To do it, we have determined the minimum
energy pathways. This oxidation reaction proceeds on the
surface in two transition states. The ligand-exchange proceeds
in two steps for each water molecule, as in the case of the
interaction with one water molecule. The reactions that take
place are:
TDMAT

|GR|-O-Ti-[N(CH3),]; + 2H,0 — |GR|-O-{[2(OH)]-
Ti-[N(CH3),]} + 2[NH(CH3),]

(3a)
TTC

|GR|-O-TiCl; + 2H,0 — |GR|-O-{CI-Ti-[2(OH)]} + 2HClI (3b)
TIP

|GR|-O-Ti-[O-CH(CH3),];+2H,0 — |GR|-O-{[2(OH)]-Ti-

[O-CH(CH;)2]3 +2[(OH)-CH(CH3),]  (3c¢)

For the oxidation on the GRO-TDMAT surface, the ligand
exchange occurs when the two H,O molecules approach the

a) TDMAT ’.

View Article Online
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surface, generating a weak interaction with one nitrogen atom
in an amine group, breaking the water molecule (see Fig. 5a).
For the case of the oxidation of (GRO-TTC)-H,O surface
(Fig. 5b), the interaction happens between the oxygen in the
water and the titanium directly. In the second step, the water
molecule tilts, and the hydrogen in the water molecule interacts
with the chlorine atom, further breaking the bonds and
generating the ligand exchange. Finally, for the oxidation of
GRO-TIP (Fig. 5¢), the ligand exchange occurs similarly as in
TDMAT; the water molecules approach the surface generating
the exchange with the isopropyl groups of the TIP molecule.

3.4 Reactions pathways

Fig. 6 reports the minimum energy pathway in the second
middle ALD cycle, including two water molecules. The behavior
is like the one water molecule case, but two energy barriers exist
related to breaking both water molecules. The water molecules
effect has also been discussed in the previous reports; they show
that each water molecule generates a ligand exchange (energy
barrier) with the available groups of the precursors, a result
consistent with our findings for the case of one and two water
molecules in the second half ALD cycle®® . Notice that the
existence of two water molecules diminishes the energy barrier
(TS1) in the first step due to a synergistic effect between water
molecules, which may be forming hydrogen bonds between

E GR-O-Ti-{N(CHj),]; + 2H,0 — GR-O-{[2(OH)}-Ti-{N(CHs), ]} + 2[NH(CHs),] |

b) TTC

. &
ig —> ¢ gt —> v E' »

GR-O-{CI-Ti-[2(OH)]} + 2HCI |

n GR-O-TiCl; + 2H,0 —

£l GR-O- Ti-[0-CH(CHs),J; + 2H,0 — GR-O-{[2(OH)}-THO-CH(CH),]}+ 2[(OH)-CH(CH), |

| ® Carbon (C) O Hydrogen (H)

Titanium (Ti)

® Oxygen (O) @ Nitrogen (N) Chlorine (CI)

Fig.5 Atomic model of 2H,O molecule interacting with (a) GRO-TDMAT, (b) GRO-TTC, and (c) GRO-TIP surface for the second ALD half cycle.
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Fig. 6 Minimum energy pathways for the 2nd ALD half cycle with two water molecules.

them to facilitate the first ligand-exchange reaction. For the
second ligand-exchange, the energy barrier is lower for TDMAT
and TIP, presumably because of reduced steric hindrance.
Although the second ligand-exchange is more favorable for TIP
than TDMAT, the limiting step of the reaction is the first ligand-
exchange, making the process more favorable in TDMAT, see
Fig. 6. In contrast, for TTC, the energy barrier increases even
more than in the case with one water molecule; this happens
because even though water molecules interact, the ligand-
exchanges in TTC happen separately, so the water molecules
saturation effect is just effective in the first ligand-exchange but
not in the second. The non-covalent interactions Section 3.5 will
discuss these findings in more detail.

The second middle ALD reaction in the presence of two water
molecules for TDMAT and TIP is exothermic, while for TTC is an
endothermic reaction. In this case, the energetic trend is
TDMAT < TIP < TTC, confirming that the chemical nature of the
precursor plays a key role in the initial stages of the TiO,-GR
nanohybrid formation by ALD.

E. Dufond et al.*® observed through an exhaustive physico-
chemical characterization that the precursor nature (TIP and
TDMAT) critically affects the TiO, chemical composition. In
agreement with our findings, they evidenced that TDMAT is
better in the standard ALD mechanism and attributed such an
effect to interactions with the surface OH groups and deposition
temperatures. Our theoretical results are consistent with the
experiments by E. Dufond et al.>® We also add up the TTC effect,
and still, TDMAT remains better suited for the ALD reaction.

3.5 Non-covalent interactions

To better understand the interactions in the ALD cycle, we
investigated the non-covalent interactions index (NCI).** NCI is

5482 | Nanoscale Adv, 2023, 5, 5476-5486

useful to differentiate the interactions present in the systems.
The reduced density gradient, s(p), is defined as follows:*

1 [Vo(r)
20372)'7 p(r)*”?

s(p) =

Also, the second eigenvalue (4,) of the density Laplacian,
V?p(r), takes different values. A, > 0 stands for not bonded
interactions, while negative values (4, < 0) are for bonded
interactions; besides, values close to zero (1, = 0) suggest vdW
interactions. Therefore, if we plot s(p) as a function of the sig(1,)
p, we can observe the non-covalent interactions in the region of
low reduced density gradient and low electron density. Also, the
strength of the interaction increases as the electron density
increases.

Our results show that the viability of using TDMAT as
a precursor comes from the first half ALD cycle since the reac-
tion goes forward without energy barriers. Fig. 7a shows the s vs.
Sig(A,)p plot for the three different precursors in the IS
according to Fig. 2 and their corresponding isosurfaces (s = 0.5
a.u.). In the case of TDMAT (black dots), the graph shows the
presence of a hydrogen bond (H-bond) between the OH from
GR(OH) and one nitrogen from TDMAT characterized by the
sharp peak at +0.07, their corresponding isosurface (lower
panel of Fig. 7) corroborates the presence of the H-bond (red
isosurface) and the presence of weak interactions (green iso-
surface) between the amine groups and GR. About TIP mole-
cule, the graph suggests the presence of an H-bond (red dots)
between some oxygen from TIP and the GR(OH); however, this
H-bond is weaker in comparison to the one observed in TDMAT
since the sharp peak that represents is located at 0.06, their
corresponding isosurfaces corroborates the presence of the H-
bond and the presence of vdW interactions between the GR

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 s vs. Sign(A,)p plot for TDMAT, TIP, and TTC precursors and their corresponding isosurface with s = 0.5 a. u.

and the isopropyl groups from the precursor. In the case of TTC
(blue dot surface), the s vs. Sig(4,)p plot describes a weak
interaction between molecule and GR(OH) observed at low s
and low electron density. Also, the isosurface only shows vdW
interactions between the molecule and GR(OH). Our results
show that a strong interaction between molecule and surface
reduces the energy barriers in the minimum energy pathway
favoring the use of TDMAT as a precursor of TiO,.

We also investigated the water effect in the second half ALD
cycle for the TDMAT precursor. The upper panel of Fig. 8 shows
the s vs. Sign(2,)p graph corresponding to the IS considering
one (magenta dots) and two water molecules (orange dots). For

2.0

an easier comparison, we only plot the interaction between one
H,0 and TDMAT in the case of two water molecules. In both
cases, the interaction between molecules is similar. The peak at
—0.03 corresponds with the attractive interaction between some
H from H,O and one nitrogen from the dimethylamine groups.
Also, the peaks close to zero represent the weak interaction
between water and neighboring dimethylamine groups. There-
fore, more water molecules around TDMAT do not modify their
interactions in the IS.

Similarly, the lower panel from Fig. 8 depicts the s vs.
Sign(4,)p plot for the TS (TS1) stage for the second half ALD
cycle considering one (two) water molecule(s). For the first case,

IS 2nd half ALD cycle

1.5}F TDMAT

d o9

L)
One H20 molecule
Two H20 molecules |

s (a.u.)

Sign(>)p (a.u.)

Fig. 8 s vs. Sign(A,)p plot for TDMAT precursor and the corresponding isosurface with s = 0.5 a. u.
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the sharp peak at —0.13 is associated with the H-N bond
formation between one hydrogen from H,O and the nitrogen
from the dimethylamine group. The peak at —0.05 comes from
an attractive interaction between the O from H,O and the tita-
nium from TDMAT. Also, the magenta peaks ranging from
—0.01 to 0.05 result from the weak interaction between the H,O
molecule and the neighboring dimethylamine groups. On the
other hand, when two water molecules are considered (orange
dots), the sharp peak at —0.035 is result of an attractive inter-
action between the nitrogen from the dimethylamine group and
the hydrogen from water, and the three peaks close to zero come
from the weak interaction between water and TDMAT. The
effect of the second water molecule is clearly seen in the TS1
state since thanks to this molecule the first H,O avoids inter-
acting with titanium and neighboring dimethylamine groups,
reducing the energy barrier in the MEP and then facilitating the
first ligand exchange.

4 Conclusions

Through a comprehensive ab initio assessment, we have
understood the ALD growth of the nanohybrid TiO,-Grapehene,
considering different titanium precursors. Hydroxyl groups are
the main anchoring reactive sites for the reactions. Our results
demonstrated that the nature of the precursors directly impacts
the atomic layer deposition growth. Tetrakis(dimethylamino)
titanium is the precursor with the highest affinity, inducing an
easy TiO,-graphene nanohybrid growth at low temperatures.
Titanium isopropoxide and titanium tetrachloride precursors
activate at higher temperatures and are less efficient for the
TiO, atomic layer deposition growth. The non-covalent inter-
actions index evidence that hydrogen bonds dominate the
reactions. When considering the Tetrakis(dimethylamino)tita-
nium precursor, strong hydrogen bonds appear, thus reducing
the energy barriers and driving more efficient growth at low
temperatures. Also, the saturation of water molecules improves
the reactions in the second half atomic layer deposition cycle for
all precursors; however, the tetrakis(dimethylamino)titanium
precursor remains the most efficient and with lower energy
barriers for the reaction. The evidence generated here helps
understand -at an atomic level-the key role that weak interac-
tions play in technologically and industrially relevant processes
such as atomic layer deposition. Also, they are a guide to
improving the existing experimental procedures.
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