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ABSTRACT: Two-dimensional (2D) hydrous silica sheets (HSSs)
and hydrous silica nanotubes (HSNTs) have many unique
properties and potential applications. Although preparation of 2D
HSSs was patented already about half a century ago, very little is
known about their structure and physical properties. Here we
predict formations of various kinds of 2D structures. For this
purpose, a first-principles study was performed using density-
functional theory (DFT) with van der Waals dispersion interaction
corrections (optB88-vdW). The uneven hydrous silica sheets and
nanotubes have a high stability and are composed of hexagonal
rings. The calculations also showed that a bilayer of anhydrous silica
sheets is highly stable. Furthermore, the formation of defects which
can induce a transition to glassy silica was investigated. The
predicted high stability and versatility of these 2D materials offer
many opportunities for more extensive developments, including doping with extrinsic elements to functionalize the nanosheets
and nanotubes. The present simulation findings pose a challenge to experimentalists for finding useful synthesis routes to access

these novel 2D materials.

B INTRODUCTION

Two-dimensional (2D) silica structures are highly interesting
nanomaterials due to the natural abundance of silica and
because of their importance in many fields and in many
applications.'® Different techniques have been employed to
prepare thinner silica sheets and related nanotubes and
nanowires.”>~'® Recently Huang and co-workers prepared a
thin glassy silica sheet on a graphene substrate. The prepared
anhydrous silica sheets have a thickness of a few atoms."®
Bjorkman and co-workers also reported anhydrous bilayer silica
sheets composed of hexagonal rings.”

2D silica materials have a long history in the world of colloid
science. In the 1960s Wulf invented a method to prepare two-
dimensional lepidoid silica sheets with a proposed chemical
formula [(Si0)40;](OH)¢ or, in a more general form,
[(8i0),,0,](OH),,.'! The structural elements within the
square brackets form the planar network structure. Each Si
has an —(OH) group to satisfy the requirements of tetragonal
coordination and charge balance. That indicates that the
structure of the hydrous silica sheets has to fit the Zachariasen’s
network model (with Si sp> bonding)."” Though both having
hexagonal rings, the SiO, sp® in the rings in the uneven sheets is
different from the C—C (sp® bonding) in the well-known
graphene flat plane."® The sizes of the two-dimensional silica
sheets prepared in this way range from nanometers to 100 ym
depending on the control over preparation conditions (pH
value, temperature, solutions, etc.).
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It is expected that this type of hydrous silica sheet has unique
properties and potential applications. First, the —(OH) groups
are chemically very active and may react with different clusters
or ions to form desired functional materials. Second, the large
surface to volume ratio together with the attachments of metal
ions implies opportunities for the two-dimensional silica sheets
to be employed as hosts or supports for highly efficient
nanocatalysts or two-dimensional luminescent materials. Third,
the porous nature of the silica sheets with different sizes of
holes adjusted by different ions also implies possible usage as
membranes to separate different ions or gas molecules.
Furthermore, the 2D structure of the hydrous silica provides
opportunities for building various shapes of nanosized to
microsized materials, such as tubes, spheres, cubes, mesoporous
silica, etc.'*™*® These building blocks are of scientific interest to
understand the nature of silica colloids'’™** and the formation
of biomaterials.”~* Finally, the insulating nature of the 2D silica
sheets/tubes may well be of interest for potential application as
atomically thin electrical barriers in nanoelectronic systems. For
further development, detailed knowledge of the structure,
stability, and properties of the hydrous sheets is required.
However, at present there is hardly any clear information about
the geometry, chemical bonding, stability, and properties of 2D

Received: December 17, 2014
Revised: ~ May 30, 2015
Published: June 1, 2015

DOI: 10.1021/jp512590z
J. Phys. Chem. C 2015, 119, 14343-14350


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/jp512590z

The Journal of Physical Chemistry C

hydrous silica sheets (HSSs) and hydrous silica nanotubes
(HSNTSs).

Theoretical efforts have been performed but were limited
mainly to anhydrous two-dimensional silica sheets and related
tubes and nanowires.”®>~>* Through a combination of first-
principles and classic force field calculations, Bjorkman and co-
workers investigated anhydrous hexagonal silica bilayer sheets,
and Weissenrieder and co-workers simulated the geometry of
hexagonal silica sheets on metal surfaces.® Zhao and co-workers
studied anhydrous silica sheets and related tubes using first-
principles calculations,®" whereas De Leeuw and co-workers
investigated hydration effects on anhydrous silica tubes.”® Ab
initio and first-principles studies have also been applied for
silicic acid molecules and clusters.**~>" To the best of our
knowledge, to date theoretical studies on 2D hydrous silica
sheets have not yet been reported.

In the present manuscript, we show the results of a first-
principles study of 2D hydrous silica sheets starting from the
work of Wulf,"" using density functional theory (DFT) within
the van der Waals density functional approximation. HSNTs
are designed with a diameter of about 1.2 nm based on the
hydrous silica sheets. For the sake of comparison, 2D
anhydrous silica sheets and nanotubes with hexagonal rings
or squares were also simulated. Electronic properties were
studied at the level of density functional theory. Defects, Si—
O-Si bond breaking, and dilute Al doping were considered to
address the noncrystalline nature of colloid materials at elevated
temperature and the relevance to the important class of zeolite
materials. Geometry, important interatomic distances, chemical
bonding, net charges, and charge transfer in these systems are
addressed. The obtained knowledge here is useful not only to
understand the structural properties and chemical bonding of
the silica sheets but also more generally to get insight for silica
sol gels and related materials, such as zeolite,*® and to develop
novel materials of interest to catalysis, bioscience, and materials
science.””**%%

B COMPUTATIONAL METHODS

Formation Energy of Silica. The reactions of formation of
silica from silicic acid occur during water condensation
. 1926231
processes with the general formula

=Si—OH + =Si—OH — = §i—0-8i=+H,0
+ (-AH) ©)
For the formation of hydrous silica sheets the reaction is
21Si(OH), — [(8i0),,0,](OH),, + 2nH,0
+ 2n(—AH,) ()

For the formation of anhydrous silica from silicic acid, the water
condensation reaction is

Si(OH), — SiO, + 2H,0 + (—AH,) (3)

In this way the formation enthalpies (AH; and AH,) are
expressed per Si in the reactions 2 and 3. This can be used to
determine the relative formation enthalpy of different reactions
and can be used as a measure of stability. Negative values of
(AH, and AH,) represent favorable reactions, while positive
values mean that the reactants are favored. In our calculations
we evaluate total valence electron energies for the silicic acid
and water molecules and the condensed products at the ground
states. The formation energies of the reactions can be obtained

from these equations. At a temperature of 0 K and a pressure of
0 Pa, the formation entropy (AH) is equal to the formation
energy (AE) when zero vibrational energy contributions are
not taken into account.

Simulation Cells. In the plane-wave DFT approach (details
will follow in the next subsection), periodic boundary
conditions apply, and appropriate supercells need to be
constructed. Cubic supercells with axis lengths of 20.0 and
16.5 A were used for a silicic acid molecule and a water
molecule, respectively. In this way the distances between
molecules in neighboring supercells are longer than 14 A, large
enough to avoid intermolecular interactions. Results are listed
in Table S1 in the Supporting Information (SI).

The inputs of structures of both anhydrous and hydrous
silica sheets were built within different unit cells with two-
dimensional periodicity. The starting primitive cell is hexagonal
with lattice parameter g, ~ 5.1 A and contains two Si atoms
with chemical composition [(SiO),0](OH), for hydrous silica
sheets, whereas for anhydrous sheets the primitive cell is cubic,
starting with a, ~ 3.0 A which contains one SiO, unit.
Considering the flexibility of silica, we also tested 2a, X 24, and
3ay X 3a, supercells. The results showed that the 2a, X 24,
supercells are large enough for the anhydrous silica sheets;
meanwhile, for the hydrous silica sheets the total energy of the
primitive cell is close to those of larger supercells, probably due
to compensation of the —(OH) clusters. The 3a, X 3a,
supercell was also employed for defect calculations. The
lengths of the c-axis perpendicular to the sheets are larger
than 24 A, which is sufficient to avoid intersheet interactions.

van der Waals Functional and Computational Set-
tings. The standard first-principles density functionals, such as
local density approximation (LDA) and generalized gradient
approximations (GGA), do not take into account van der Waals
interactions,*>>*> which results in lower accuracy results for
sparse systems such as the silica sheets. Therefore, we have
employed the van der Waals density functional formulated by
Dion and co-workers®>** for the silica systems. The van der
Waals functional was implemented in many first-principles
codes®*™*” including the VASP code (Vienna ab initio
simulations package),**™*° which has been employed for all
the calculations in the present work. This approach is based on
the optimized PBE approximation with the London dispersion
interaction for the nonlocal electron correlation effects
(optB88-vdW) which has been successfully applied for various
systems.>* ™ Both spherical and nonspherical contributions
from the gradient corrections inside the atomic spheres are
included.*” The electronic wave functions were sampled on
dense grids for calculation of the total energy and the electronic
structure. A 12 X 12 X 2 grid with 148 irreducible k-points in
the Brillouin zone (BZ) was used for the 2D graphite-type
hydrous silica sheet and the anhydrous bilayer silica sheet, and
the 10 X 1 X 1 grid with S irreducible k-points in the BZ was
used for the 1D hydrous silica tubes and for the 1D anhydrous
silica tubes, employing the Monkhorst and Pack method.*' An
“only I'-point” setting was employed for the isolated molecules.
Structural optimizations were performed for the 2D sheets with
fixed lattice parameters to find the a- and b-axis at the systems’
energy minima, while only the atomic coordinates in a fixed
cube were relaxed for the single-molecule calculations. We also
used the fixed volume approach to determine the lattice
parameters of the two periodic dimensions from the minimized
total energies. The optimizations showed that the two
approaches produced the same results within the accuracy of
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our calculations. Note that, in principle, all valence electrons
belong to the whole crystal. However, we can decompose the
plane waves in the spheres and obtain their corresponding
components in the spheres. In this way the partial density of
states at an atom is obtained.

The molecules and silica sheets in the present study contain
strong local bonds, such as 2p—3p (e.g,, Si—O) or 2p—1s (e.g,
O—H) bonds, and therefore, the calculated valence electron
total energy is expected to depend on the cutoff energies. This
indicates that high cutoff energies for the electron wave
functions are required. In the present work the cutoff energy of
the wave functions was set at 750 eV, and the cutoff energy of
the augmentation wave functions was at 1000 eV. Tests of k-
mesh and cutoff energies showed a good energy convergence
(<1 meV/atom).

B RESULTS AND DISCUSSION

A. 2D Silica Sheets. Structural optimizations were
performed for various configurations of hydrous silica sheets.
The calculations showed that for the primitive cell the one with
—(OH) clusters on only one side of the sheet is favored (Figure
1(fg)). To have a better understanding about the effects of
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Figure 1. Schematic structures of hydrous silica sheets (HSSs): (c,d)
are for one HSS with —(OH) groups on two sides and (f,g) for an
HSS with —(OH) clusters on one side. Hydrous silica nanotubes
(HSNTs): (a) and (b) show the electron density isosurfaces for a
HSNT with 1/3 of the —(OH) clusters pointing inward, while (e) and
(h) show an HSNT with all —(OH) clusters pointing outward. The
blue spheres represent Si atoms, the red spheres O atoms, and the
small white spheres H atoms.

—(OH) cluster distributions, we also performed calculations for
the geometry and energetics of —(OH) cluster distributions in
a 2ay X 2a, supercell for the hydrous silica sheets. The results
from the supercell confirmed the conclusion that the
configuration with —(OH) clusters on one side is preferred.
These results indicate that at a larger scale —(OH) clusters will
form domains at both sides of the sheet. Figure 1(c,d) also
shows hydrous silica sheets with an even —(OH) distribution.

Structural analysis showed that all the O atoms/ions in the
hydrous silica structures play a role of bridging H and Si atoms
or bridging Si atoms. A typical case is shown in Figure S1 of the
Supporting Information (SI) where Si atoms are in distorted
tetragons with the O—Si—O angles deviating within 3° from the
109.5°, the bond angle in a regular tetragon. The angle Si—O—
H is calculated to 118.2° being close to that in a silicic acid
molecule, 118.5° (Figure S1, SI).

The silica sheets can also be formed into nanotubes, for
which many possibilities exist. Here we designed a nanotube
with a diameter of about 1.2 nm. Different distributions of
—(OH) clusters were considered (Table 1). The calculations
showed that the most stable configuration (Tube 3) has one-
quarter (4/16) of the (OH) clusters pointing inward as shown
in Figure 1(ab). Its formation energy is indicated with the
lowest violet sphere in Figure 2. The tube configuration which
follows in stability is the configuration with all —(OH) clusters
pointing outward (Tube 1 in Table 2, Figure 1(eh)).

The total energy calculations showed that the formation
energies of the HSSs and HSNTSs are favored over the silicic
acid molecules (Table 1 and Figure 2). The HSS with —(OH)
clusters on one side is the most stable configuration, whereas
the HSNT with one-quarter of the —(OH) clusters pointing
inward is also highly stable (Table 1 and Figure 1(ab)).
Overall, the obtained formation energies as defined in eq 2 are
in the range between —0.23 eV and —0.34 eV/Si for the HSNT
and HSS from the calculated total energies in Table 1. The
calculations also showed that when more —(OH) clusters (e.g,
half of them) are pointing inward the tubes become structurally
unstable.

B. Anhydrous Silica Sheets and Tubes. To have a better
understanding of hydrous silica sheets and tubes, we also
investigated two-dimensional anhydrous silica sheets not having
any hydrogen atoms. The results are listed in Table 2. From the
previous section, it became clear that the hydrous silica sheet
with —(OH) clusters distributed on one side has a high
stability. This provides an opportunity to create a bilayer
anhydrous silica sheet with hexagonal rings, as proposed by
Bjérkman and co-workers.” The schematic structure is shown
in Figure 3(a,b).

First a simple square unit cell with the lattice parameter aj is
built. This cell contains one SiO, molecule with one Si atom at
the center (0.5, 0.5, 0) and two O atoms at the line centers (0.5,
0, z1) and (0.0, 0.5, z2), with both z1 and 22 slightly deviating
from 0 to link two Si atoms. In this way each Si atom is
connected to four O atoms. The z-coordinates are used because
of the preferred tetragonal coordination of Si (sp® hybrid-
ization). Structural optimizations and total energy calculations
were performed, and it follows according to eq 3 that this
structure is unstable relative to isolated silicic acid and water
molecules (Table 2).

We also employed a supercell approach and relaxed both
atomic coordinates and lattice parameters at a fixed volume.
The optimization resulted in different lengths of a- and b-axes
(Table 2). The formation energy found from the calculations is
about —0.138 eV/SiO, relative to silicic acid and water as
defined in eq 3. This indicates that this anhydrous silica sheet is
favored over the silicic acid molecules. However, this formation
energy is smaller than that of the 2D HSSs (Table 1) and
significantly smaller than that of quartz (Table 2). The
optimized structure is shown in Figure 3(c,d). It is clear that
the anhydrous silica sheet is strongly buckled and can be
characterized by two Si chains with O atoms. All O atoms are
bridging the Si atoms. The Si atom is in a distorted tetragonal
coordination by O atoms as shown in Figure S1 (SI). Most of
them have O—Si—O angles of around 108°, which is smaller
than 109.5° (the angle in a regular tetragon), while the O—Si—
O angles for the outer O atoms via the Si are notably larger
(about 115°).

From Table 2 it becomes also clear that the calculations show
a high stability of bilayer anhydrous silica sheets (Figure 3a,b)
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Table 1. Optimized Results (Lattice Parameters, Chemical Bonding, Net Charges and Total Valence Electron Energies, As Well
As Calculated Formation Energies According to Equations 2 and 3) for the Most Stable HSSs and HSNTs”

lattice pars. (A)

hydrous silica sheet (Si,03(OH),), hexagonal lattice
—OH clusters at two sides a=15.184

zZ=1

a= 35292
Z=1

—OH clusters at one side

hydrous silica tubes based on hydrous silica sheet (Si,05(OH),)

Tube 1: all —OH clusters pointing outward a = 5.262
z=38

Tube 2: 1/16 of —OH clusters pointing inward a=35.262
z=38

Tube 3: 1/4 of —OH clusters pointing inward a=5262
z=38

“The hydrous silica sheet (Si,05(OH),) has a hexagonal lattice.

d(Si—-0) (A), d(0-H) (A) charge AE (eV/Si)

Si—0(1): 1.62(x3) Si: 3.20 —0.289
—O(H): 1.64 O(Si): —1.60
H-O(H): 0.97 O(H): —1.40

H: 0.61
Si—0(1): 1.62(x3) Si: 3.19 —0.336
—O(H): 1.65 O(Si): —1.61
H-O(H): 0.97 O(H): —1.39

H: 0.61
Si—0(1): 1.62(x3) Si: 3.18 —0.223
—O(H): 1.64 O(Si): —1.59
H-O(H): 0.97 O(H): —1.40

H: 0.60
Si—0(1): 1.63(x3) Si: 3.17 —0211
—O(H): 1.65 O(Si): —1.59
H-O(H): 0.97 O(H): —1.40

H: 0.59
Si—0(1): 1.63(x3) Si: 3.17 —0.235
—O(H): 1.65 O(Si): —1.59
H-O(H): 0.97 O(H): —1.40

H: 0.59

Of= @@ Sheets of rings
’ Sheet of squares
-8 Sheets of bilayer
= -100 - - parents
('SD @ ® Tubes of rings
M Tube of squares
> ol .
£°%0 (R
2 300~ ¢
@ .
i
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N(Si)/[N(Si)+N(OH)]

Figure 2. Calculated formation energies as defined by eq 2 for
hydrated silica nanosheets and nanotubes (HSSs and HSTs) and by eq
3 for anhydrous silica sheets and tubes. If multiple symbols of the
sample color (detailed in the legend) are plotted, they represent
configurational variations of a particular structure, such as the variation
in the number of inward/outward pointing (OH) groups in the
hydrous silica nanotubes, as listed in Table 1 and described in the text.
The “parents” represent a silicic molecule and quartz.

when compared to the other formation energies listed in Tables
1 and 2. This indicates that for silica sheets the bilayer sheet is
the most likely to be formed by physical approaches, such as
plasma evaporation.">® However, the growth of the two-
dimensional hydrous silica sheets typically takes place in
solution,"" and under such conditions one expects that the
formation of the hydrous sheets is more likely than the
formation of anhydrous sheets. The small formation energy for
the anhydrous silica tube (Table 2, configuration shown in
Figure 3e) also indicates that this phase may be difficult to
synthesize when compared to the hydrous silica nanotubes.
This is also clear from Figure 2, which includes the formation
energies of both hydrous and anhydrous nanotubes.

C. Electronic Properties of Hydrous Silica Sheets. We
performed electronic structure calculations for the hydrous
silica sheets and tubes. The calculations showed strong
similarity for the various sheets and nanotubes. The dispersion
curves of the most stable anhydrous silica bilayer and the
hydrous silica tube with a quarter of the —(OH) groups
pointing inward are shown in Figure S3 of the Supporting
Information. Here we present the results for the more stable
one with —(OH) clusters on one side. The partial and total
density of states (DOS) and dispersion curves are shown Figure
4.

The electronic structure of hydrous silica consists of four
separated bands (as shown in Figure 4). All valence bands are
dominated by O 2s (from —19.5 to —16.9 eV) and 2p states
(from —9.5 to 0 eV, the Fermi level). The O1 2s states are
dominating the bottom and the top parts of the O 2s states
with the O(—H) 2s states also contributing, with a peak at
about —18.0 eV. The dispersion of these bands is 0.5—1.0 eV.
Such dispersions are quite large considering the semicore
nature of the O 2s states. The second lowest band is composed
of O 2p states mixed with Si 3s, 3p, and H 1s characters. This is
the bonding band. The third band, the valence band ranging
from —3.7 to 0.0 eV (the Fermi level), consists of mainly the O
2p states (nonbonding orbitals). It is noted that the top of the
valence band is dominated by the nonbonding 2p states of the
O ions bridging two Si ions. There is an energy gap of about 5.5
eV between the valence band and the conduction band. The
calculations also showed that for the conduction band the
densities of the partial s and p states of Si, O, and H are notably
smaller than that of the total DOS (Figure 5). This is due to the
fact that we have to employ small spheres for O (0.82 A) due to
the short O—H bond length. Therefore, the decomposition of
the orbitals produced too low densities for O 2p orbitals.
However, this artifact has no impact on our understanding of
the nature of the conduction band. There is a direct band gap at
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Table 2. Calculated Anhydrous Silica Single-Layer Sheets, A Single-Wall Square Nanotube, and a Bilayer Silica Sheet with

Hexagonal Rings®

unit cells lattice d(Si-0) (A) charge (e) AE (eV/SiO,)
anhydrous silica sheets and a nanotube (single-layer)

primitive cell square +0.361
ay = 2.846 1.66(x4) Sit10(0719),
Z=1

supercell 2a0 X 2b0 orthorhombic —0.138
a=5.022 1.63(x2) Sit19(071%),
b = 5.545 1.65(x2)
Z=4

nanotube with squares a = 5.6452 1.63(x2) §it320(O~1 Q16T —0.019
Z=38 1.65(x2)

anhydrous bilayer silica sheet with hexagonal rings

supercell hexagonal
a=5292 1.63(x4) Sit320(Q~160), —0.332
Z=4

crystalline silica (@-SiO, quartz) hexagonal
a=4982 1.627(x4) Sit32 (O, —0.549
c= 5485
Z=3

“The formation energies are defined relative to silicic acid and water as formulated in eq 3.

Figure 3. Relaxed structures for (a,b) an anhydrous silica bilayer sheet with hexagonal rings; (c,d) single-layer sheet with squared network; and (e) a
single atomic layer silica tube with square cross-section (also see Figure S2, SI). The blue spheres represent Si atoms and the red spheres O atoms.

The color coding is the same as in Figure 1.

the center of the Brillouin zone (I' point, Figure 4b). It is
expected that this band gap will be smaller than experimental
value, considering the fact that density-functional theory
underestimates the band gaps of insulators.*>**~*

As shown in Figure 4 the densities of Si 3s 3p states are much
smaller than those of the corresponding O 2s 2p states. This
can also be observed in the electron density distributions in
Figure 4c. This is due to the ionic nature of the compounds.
The Si ions are close to purely ionic with a charge of about 3.2 ¢
(Tables 1 and 2). The densities of both Si 3s and 3p are mainly
in the second band (the bonding band). The hybridization of
both Si 3s and Si 3p states with oxygen corresponds to the sp®
bonding nature of silica. Figure 4 also shows that the H and
nearby O are strongly bonded (Figure 4c). It is difficult to
clearly separate the two ions/atoms, which is the reason that an
—(OH) cluster behaves as an ion.

14347

D. Defects and Noncrystalline forms of the 2D HSSs.
As shown in Table 2, the most stable form of silica at ambient
conditions is quartz. However, it is well-known that quartz
cannot be formed with conventional preparation techniques.
Most chemical and physical preparations result in noncrystal-
line or glassy structures of silica. 2D configurations of glassy
bilayer silica sheets with hexagonal rings were previously
obtained experimentally.">® Therefore, we should also consider
the noncrystalline nature of 2D HSSs.

Most silica sol—gel structures are formed in solutions at
elevated temperature. That indicates that under these
preparation conditions a balance of reactions is reached at
equilibrium. Therefore, it is of chemical interest to consider the
reverse reaction of water condensation, that is, water hydrolysis,
through which a 2D silica sheet is formed as follows

DOI: 10.1021/jp512590z
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Figure 4. Partial and total density of states (a), dispersion curves of the band structure (b), and the electronic-density iso-surfaces of the hydrous
silica sheet (c). The curve at the bottom in (a) shows the total density of states (TDOS); the curves above the TDOS show the partial density of
states (pDOS); whereby the red lines represent the s characters of Si or O and the black lines the p characters. The strong O—H covalent bonding
and the ionic nature of Si can be easily recognized. In panel (c), the blue spheres represent Si atoms, the red spheres O atoms, and the small white

spheres H atoms.

Figure S. Optimized local structure of 2D-HSS with one Si—O-Si
bond reacting with a water molecule (water hydration, eq 1), which
produces a locally distorted structure. The local disorder may lead to
the formation of glassy 2D HSSs.

=Si—0-Si=+H,0 — 2{=Si — (OH)} + (—2AH,)
(4)

where —2AH, is the reaction enthalpy to break a =Si—O—
Si= bond and to form two —(OH) clusters using one water
molecule. To perform point defect calculations for a broken
Si—O—-Si bond, a 3a, X 3a, supercell (here a, is the lattice
parameter of a primitive cell) was employed. The optimized
structure of the 2D HSS with one broken Si—O-—Si bond is
shown in Figure 5. One broken Si—O-Si bond in the
hydrolysis reaction produces two =Si—(OH) with the
—(OH) clusters pointing toward the opposite side of the
original —(OH) clusters. Figure S also clearly shows that the
water hydrolysis reaction results in strong local relaxations.
Compared to the well-ordered 2D HSS, the Si atoms/ions with
two —(OH) clusters are out of the Si atomic plane. The nearby
O and —(OH) clusters also show notable distortion. This
suggests that a large concentration of such defects will lead to
amorphization.

Electronic total energy calculations also provide the total
valence electron energies for each of the related systems. The
calculations showed that in the hydrolysis reaction it takes an
enthalpy (—2AH,) of about 0.368 eV to break one Si—O—Si

Figure 6. (a) Schematic local structure with M—O bond lengths (A) indicated. (b) Schematic electronic structure of a HSS with Al doping. The type
of bonding is indicated next to the bands. BD: bonding; NB: nonbonding; AB: antibonding. The valence bands are composed of the bonding O 2p
states (gray) and the nonbonding O 2p states (black). The conduction band is dominated by antibonding O2 2p states (green). The Al doping
produces a narrow band (acceptor) of impurity states (the black line). (c) Isosurfaces show the spin polarization of the O 2p ions near Al (see text

for details).
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bond and to react with one water molecule to form two —Si—
(OH) groups or 0.184 eV to produce one Si(OH) termination,
as given in eq 4. However, under hydrolysis conditions and at
elevated temperature, this reaction may well require much less
energy.

In the field of catalysis, zeolites which contain metallic ions,
such as Ca, Mg, and Al are widely used. Here we consider only
a simple case and replace one Si by Al in a 3a, X 3a, supercell
(here a, is the lattice parameter of a primitive cell). The
geometry optimizations produced the following local chemical
bonds for the tetragonally coordinated Al (Figure 6a); for the
in-plane Al-O: 1.73 A (x3) and 1.78 A for the Al-O bond to
the (OH) cluster. The related Si—O bonds have notably shorter
lengths (1.59—1.60 A) in comparison to the other Si—O bonds
(about 1.63 A, Tables 1 and 2). Bader charge analysis showed
that the Al atom, which has three valence electrons, is charged
by +2.46 electrons, in agreement with the ionic nature of
alumina, whereas the neighboring O atoms/ions are charged
with —1.48 e for the in-plane O and —1.16 e for the O in the
(OH) cluster, respectively. These values are notably smaller
than those nearby Si atoms. This is understandable since the Al
atom has one electron less than Si.

Electronic structure calculations showed that the Al defect
exhibits spin-polarization, which is situated at the O atoms that
are nearest neighbors to the Al atom in the doped HSS. The
three in-plane O atoms in plane are slightly spin-polarized with
a local moment value of about 0.04 ug, while the O in the
(OH) cluster has a significant local moment of about 0.24 s,
which is clearly shown in Figure 6c. It is also notable that the
magnetic moment (in yellow) of one of the in-plane O atoms is
antiparallel to the rest. The calculations also showed that the
acceptor state is about 0.2 eV above the top of the valence
band.

Further Discussion and Outlook. The challenge that lies
ahead is to realize experimentally the predicted 2D HSSs,
HSNTs, as well as the bilayer silica sheets of high stability.
Recent reports of experimentally prepared bilayer silica sheets
showed that the structures have a significantly amorphous
nature.”>® A similar noncrystalline nature may exist for the
HSSs and HSNTs.

The predicted 2D silica sheets of high stability showed a clear
atomic ordering, but the calculations also showed that defects,
in particular Si—O—Si bond breaking by water condensation
and Al doping, can cause significant local relaxations and
symmetry breaking. As pointed out by many, the formed silica
materials are strongly dependent on the preparation conditions.
For example, one expects that in acidic solutions an Al atoms/
ion doped in a HSS/HSNT is likely to lose its (OH) cluster
and become three-coordinated to reach charge balance.
Meanwhile in a base solution, the Al ion/atom is likely to
attract one —(OH) cluster in solution and is 4-coordinated with
an unoccupied hole in its local electronic structure. The control
over sizes and shapes of the hydrous silica sheets by adjusting
preparation conditions such as temperature, pH-value, solution
parameters, etc., as pointed out by Wulf'" provides a valuable
opportunity to synthesize the structures predicted in the
current work. Also, synthesis of silica on top of a suitable
atomic template, as is currently done to synthesize graphene
nanoribbons,*” could provide a successful synthesis route.

The current findings open a wide window of opportunities
for further development with a broad range of possible
applications. For example, one may deposit the hydrous silica
sheets onto nanocrystals (NCs) to reach the ultimate goal of

atomic coating by means of suitable sol—gel approaches. The
charge and spin-polarization of Al doped 2D silica sheets/tubes
may play an role in the catalysis processes containing
magnetism, e.g. for chemical reactions involving magnetic O,
molecules, considering that reaction barriers will be substan-
tially lowered due to angular momentum conservation.**°
Therefore, this type of hydrous silica sheets deserves further
experimental and theoretical investigations. Also the dynamical
stability of these structures may be investigated by phonon
dispersion calculations and molecular dynamics simulations in
future studies.

B CONCLUSIONS

Structure, stability, and electronic properties of two-dimen-
sional hydrous silica sheets and nanotubes were simulated using
the first-principles DFT approach. In the hydrous silica sheets
and nanotubes, each Si is in a distorted tetragonal coordination
and has three Si—O bonds in the sheet and one OH cluster
pointing outward. Total energy calculations showed a high
stability of the 2D hydrous silica sheets and nanotubes, as well
as 2D anhydrous bilayer silica sheets of hexagonal rings. A
relatively low energy is required to break a Si—O-Si bond,
which is indicative of how easily the structures can be
amorphized. Electronic band structure calculations showed
that hydrous silica sheets are wide-gap insulators with band
gaps over 5.5 eV. Interestingly, the doping of Al causes spin-
polarizations of the neighboring O atoms. However, the
knowledge about the 2D silica sheets and nanotubes is still
far from complete, and much more extensive experimental and
theoretical studies should be performed. The versatility of these
2D materials offers many opportunities for developing
applications in various fields such as nanoelectronics, catalysis,
and biomaterials science. The present simulation findings pose
a challenge to experimentalists for finding useful synthesis
routes to access these novel 2D materials.
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