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Introduction

Large-scale synthesis of 2D-silica (SiO,)
nanosheets using graphene oxide (GO) as a
template materialt

Bjorn K. Birdsong,? Billy W. Hoogendoorn,? Fritjof Nilsson, €224
Richard L. Andersson,? Antonio J. Capezza, (2 Mikael S. Hedengyvist,?
Stefano Farris, &2 ® Antonio Guerrero @2 € and Richard T. Olsson () *2

Graphene oxide (GO) was used in this study as a template to successfully synthesize silicon oxide (SiO,)
based 2D-nanomaterials, adapting the same morphological features as the GO sheets. By performing a
controlled condensation reaction using low concentrations of GO (<0.5 wt%), the study shows how to
obtain 2D-nanoflakes, consisting of GO-flakes coated with a silica precursor that were ca. 500 nm in
lateral diameter and ca. 1.5 nm in thickness. XPS revealed that the silanes had linked covalently with the
GO sheets at the expense of the oxygen groups present on the GO surface. The GO template was shown
to be fully removable through thermal treatment without affecting the nanoflake morphology of the pure
SiO4-material, providing a methodology for large-scale preparation of SiO4-based 2D nanosheets with
nearly identical dimensions as the GO template. The formation of SiO, sheets using a GO template was
investigated for two different silane precursors, (3-aminopropyl) triethoxysilane (APTES) and tetraethyl
orthosilicate (TEOS), showing that both precursors were capable of accurately templating the graphene
oxide template. Molecular modeling revealed that the choice of silane affected the number of layers
coated on the GO sheets. Furthermore, rheological measurements showed that the relative viscosity was
significantly affected by the specific surface area of the synthesized particles. The protocol used showed
the ability to synthesize these types of nanoparticles using a common aqueous alcohol solvent, and yield
larger amounts (~1 g) of SiO,-sheets than what has been previously reported.

of the growing particles.”® The specific condensation, in turn,
is related to the chemical structure of the precursor, the con-

Silica has been extensively used as a functional polymer filler
material in gels/lubricants/plastics and composites due to its
mechanical strength, thermal stability, low toxicity, and possi-
bilities for further functionalization."™ The Stober reaction,
developed in the 1960s, remains one of the most common
aqueous methods of producing spherical silica nanoparticles
(50-2000 nm diameter).>® The morphology of the particles
stems from the reaction mechanism involved in the formation
of the particles, where an initial nucleation process is followed
by a growth stage governed by condensation onto the surface
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centration of the precursor, the reaction temperature, the
water-to-alcohol ratio, pH, and the presence of catalysts, all of
which can be considered as tools for controlling the conden-
sation reactions.” ™" It is challenging to form particles with
more complex shapes, such as rods and sheets, because
the condensation reactions must be steered toward promoting
anisotropic growth."> One method of providing this
growth restriction is to use an already existing template
material as the initial nucleation growth site for the in situ con-
densation, thus allowing for replicating the template mor-
phology while simultaneously limiting the growth in at least
one dimension."*™"”

Templating reactions have been reported as successfully
strategies to obtain flake-shaped 2D-nanomaterials when pre-
paring transition metals (e.g., gold and platinum) and metal
oxides, such as TiO,, ZnO, and Fe,0;,"®"® where graphene
oxide (GO) was used as the template materials. Tian et al.>®
also obtained ultrathin 2D-metal oxide nanoplatelets (ZnO,
Al,03, Mn,03, CuO) in the space between the stacked GO
sheets, which provided confinement of the metal oxide phase
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during its formation due to the strong affinity between the car-
boxyl functional GO-sheets.’® Interestingly, graphene oxide
was used to synthesize transition metal dichalcogenides
(TMDs) templates, where the graphene formed when the mol-
ybdenum disulfide (MoS,) atomic TMDs-layer was reduced to
Mo as the temperature reached 750 °C.>* Furthermore, various
thin metal films have been synthesized on monolayer MoS,-
sheets due to their favorable lattice parameters for single
metal ion deposition, ie., Al, Ag, Cu, Mn, Mo, Ni, Pd, Ru, Re,
and Zn.”> However, although many confirmed successfully
templating reactions have been reported, several challenges
exist before these materials can be manufactured on larger
scales for industrial implementation. Firstly, the template
material must have uniform and well-defined surface pro-
perties and sizes that match the required dimensions for the
replicates, ie., the novel materials formed. Furthermore,
methods to remove the template without affecting the syn-
thesized material are essential for a templating reaction to be
a viable process.>® Finally, to make these novel 2D-material
structures of industrial interest, the reactions and synthesis
procedures must show economic viability and the possibility of
upscaling to industrial levels.

In this study, a method to produce 2D silica oxide (SiO,)
materials with a lateral width of ca. 500 nm and a thickness of
ca. 1.5 nm was developed. The synthesized 2D materials were
formed via adsorption and condensation directly on the outer
surfaces of the graphene oxide (GO) templates. The minimal
amount of GO required during the solution-based synthesis
allowed for record-large scale (~1 g) synthesis of SiO, material.
A newly developed and highly effective high-temperature treat-
ment at 580 °C ensured a full removal of the GO template
without having a detrimental impact on the formed SiO,
nanosheets. The replication factor of the GO’s lateral-sized
dimensions was high and matched the prepared SiO,-material
with high accuracy, 500 + 200 nm. The bulk suspension
showed, from rheological measurements, a shear thinning be-
havior for both the SiO, nanosheets and GO (synonymous with
sheet particle morphologies), and demonstrated a high specific
surface area often exhibited by 2D nanoparticles. Due to their
unique size, reproducible morphology, and large surface area,
the synthesized particles make good candidates as future
barrier materials, carriers of catalysts, and in nano-electronics.
The synthesized material also replicated the finest structures at
the nanoscale and demonstrated significant durability to the
thermal treatment conditions, allowing for the template’s
robust thermal removal. Amino-functional (3-aminopropyl)
triethoxysilane (APTES) or tetraethyl orthosilicate (TEOS) were
used as SiO, precursor materials in this study, firstly reporting
GO as a material for templating 2D SiO, sheets.

Experimental section
Materials

Graphene oxide (GO) was purchased from Angstron materials
(Dayton, USA) as an aqueous suspension with a solid content
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of 0.5 wt%.>> The GO-flakes had a reported thickness of
1-1.2 nm and a maximum lateral width of 554 nm.*
3-Aminopropyl triethoxysilane (APTES, >98%), tetraethyl ortho-
silicate (TEOS, >99.0%), fumed silica particles (22 wt%, pH =
10, Evonik Industries), ethanol (>99.5%), 2-propanol (>99.7%),
and ammonia (NH; (aq), 28-30%) were purchased from Sigma-
Aldrich and used as obtained. MilliQ water (MQw), (18.2 MQ,
pH = 7.0), was used as the aqueous medium.

Preparation of SiO,-coated GO

GO was functionalized by adding 18.53 ml of the as-received
aqueous GO suspension to 250 ml HDPE Nalgene bottles.
2-Propanol (iPROH, see Table 1 and Fig. 1) was added to the
GO suspension before sonicating the mixture for 10 min at
room temperature, using a Branson 2510 sonication bath (V =
2.8 L, ultrasonic peak output = 100 W, f = 42 kHz). The iPROH
was added to control the hydrolization of the SiO, precursors.
0.1 ml of NH; (aq) as catalyst was added to the mixture under
vigorous stirring before adding the SiO, precursor (see
Table 1). The bottles were sealed and left to react under
ambient conditions for 40 h with constant stirring. The reac-
tions were terminated by removing any unreacted SiO, precur-
sor using centrifugation at 8000 rpm for 3 x 10 min and
exchanging the transparent supernatant with ethanol between
each cycle for removal of unreacted SiO, precursors. The final
product was diluted and dispersed in 100 ml using MQw.

Post-treatment of SiO,-coated GO

The refinement of the coated GO material, see Fig. 1a and b
for a simplified reaction scheme, was done by performing two
different freezing methods as illustrated in Fig. 1. In method
one, referred to as fast freezing (see Fig. 1c), 30 ul droplets of
the obtained suspension were dropped onto a copper surface
that was half immersed in liquid nitrogen. This freezing
resulted in fully frozen droplets in ¢ < 1 s. In the second freez-
ing method, referred to as slow freezing (see Fig. 1c), 30 ul dro-
plets were placed on an identical copper surface before placing
the surface in a freezer (T = —21 °C) for 1.5-2 min, allowing
fully frozen droplet to form at ¢ = 100 s. For both cases, the
fully frozen droplets were freeze-dried for 24 h using a Scanvac
coolsafe 55-4 vacuum drier at 0.37 mbar. As a comparison, the
same freezing methods were performed on the untreated GO
material. The pure SiO, sheets were obtained from the freeze-
dried material after heat treatment (7 = 586 °C, 2 h, 1 atm),
using a high-temperature oven (T + M M9-1200), resulting in a
white powder consisting of pure SiO,.

Table 1 Volumetric amounts of chemicals used to synthesize APTES-
coated GO and TEOS-coated GO

Sample name 2-propanol (ml) APTES (ml) TEOS (ml)
APTES-coated GO 71.37 10 —
TEOS-coated GO 71.37 — 10

See Table S1} for more details.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Illustration of reaction scheme. (a) GO dispersion, (b) silanization
of GO dispersion into APTES-coated GO (AGO) and TEOS-coated GO
(TGO), (c) freezing methods investigated, (d) freeze-drying of AGO and
TGO, (e) heat treatment of AGO and TGO (586 °C 2 hours).

Freeze—d rying

Characterization

Microscopy. The morphology of the nanoparticles was inves-
tigated using a field emission scanning electron microscope
(FE-SEM; Hitachi S-4800, Japan). The samples were placed on
conductive carbon tape before being coated with a Pt/Pd (60/40)
coating for 120 s at 80 mA, using a Cressington 208 HR. Images
were taken at an accelerated voltage between 1-3 kV and a
current of 10 pA. Particle sizes were determined by measuring
the maximum particle length of 50 particles using Image]®,
National Institutes of Health, Bethesda, Maryland, USA.

Brunauer-Emmett-Teller (BET) analysis. The Specific
Surface Area (SSA) values were determined via nitrogen-adsorp-
tion/desorption on freeze-dried GO, APTES/TEOS-coated GO,
and heat-treated = APTES/TEOS-coated GO, wusing a
Micromeritics ASAP 2020 BET unit.

Atomic force microscopy (AFM). To measure the thickness
of the nanoparticles, a MultiMode 8 atomic force microscope
equipped with a RTESP-150 cantilever operated in QNM mode
(Bruker, Santa Barbara, CA, USA), was used the AFM was cali-
brated using an STS-180 calibration grid to allow for sub-
nanometer resolution (0.038 nm). The nanoparticles were de-
posited as 10 pl dispersions of 0.05 wt% solid content onto
freshly cleaved mica discs for 30 s, followed by the removal of
excess liquid and non-adsorbed particles using a flow of filtered
nitrogen gas. The images were analyzed using NanoScope
Analysis 1.6 software to determine the particle thicknesses, first
using a 1st order polynomial flattening function. The average
particle thickness values were determined by triplicate measure-
ments on ten particles for each sample (30 measurements).

Molecular modelling. To model and evaluate the thickness
of single coating layers of APTES and TEOS, atomistic structures

This journal is © The Royal Society of Chemistry 2023
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of GO and APTES- and TEOS-coated GO were generated using
the simulation software program Material Studio®. The
obtained structures were energy-minimized whereafter the
generated coating thicknesses were measured.

Rheology. The rheological properties of two nanoparticle
dispersions (0.05 wt% and 0.5 wt%) were investigated using a
Discovery Hybrid Rheometer (model HR-2, TA Instruments
Ltd, USA), equipped with a cylindrical plate-plate compression
geometry. The diameter and gap size for the 0.05 wt% dis-
persion was 25 mm and 200 pm, respectively, while for the
0.5 wt% dispersion, a 60 mm plate was used with a gap size of
100 pm. The measurements were performed at 21 °C, and the
viscosity was recorded at shear rates ranging between 1 and
1000 s~'. Triplicate measurements were performed for the
0.05 wt% nanoparticle suspension, while single measurements
were carried out for the 0.5 wt% suspensions (see Fig. S41). To
enable comparison of the nanoparticles in a non-deformed
state, the nanoparticles were analyzed in solvents that did not
deform the particles due to unfavorable solubility interactions.
MQw was used for fumed silica and GO, while ethanol was
used for all silanized samples. In order to compare the par-
ticle’s rheological properties without the effect of the solute,
the relative viscosity was used for all comparisons.

X-ray photoelectron spectroscopy (XPS). XPS measurements
were performed using an M-Probe instrument (Surface Science
Instruments, USA), equipped with a monochromatic Al Ka
source (1486.6 eV) with a spot size of 200 x 750 pm?, using a
pass energy of 25 eV, which allowed for a resolution of 0.74 eV.

Thermogravimetric analysis (TGA). Thermogravimetric ana-
lysis (TGA) was performed using a Mettler Toledo thermal ana-
lyzer (TGA/DSC 3+), and the data was analyzed using
METTLER: STARe Software (STARe 201602223 database). The
samples were placed in 70 pl alumina oxide (Al,O3) crucibles
(ME-24123), which were conditioned at 30 °C for 5 min. The
crucibles were thereafter heated to 900 °C at a rate of 5 °C
min~* with a flow of 50 ml min™" O,.

Fourier-transform infrared spectroscopy (FTIR). FTIR absor-
bance was measured on the freeze-dried samples (GO, APTES/
TEOS-coated GO, heat-treated APTES/TEOS-coated GO) and the
silane precursors (APTES, TEOS) obtained from the reagent
bottle. The instrument used was a PerkinElmer Spectrum 100,
equipped with an ATR accessory, MIR TGS detector, and
Specac golden gate with sapphire crystal. The measurements
were performed at a scanning rate of 1 cm™, a resolution of
4 ecm™', using 16 consecutive scans ranging from 600 to
4000 cm ™. PerkinElmer Spectrum Version 10.5.3 software was
used to obtain a baseline for all curves.

Results and discussion
Effect of GO template on silane particle morphology

Fig. 2a-c shows the results associated with the graphene oxide
(GO) templating reaction providing pure silica sheets of almost
identical size as the GO template. The inserted size distri-
butions show that the sheets were of lateral dimensions 500 +

Nanoscale, 2023,15,13037-13048 | 13039
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Fig. 2 Micrographs of freeze-dried GO sheets (a) and GO sheets functionalized with tetra-ethoxy functional silane (TEOS) before (b) and after
thermal removal of the GO template (c). The histograms depict the lateral size distributions using the longest axis for each measurement. (d) shows
a micrograph of fumed silica particles (FS) as obtained from the manufacturer. (e) shows XPS spectra of the material depicted in (a—c); also, the
APTES-modified GO is included for comparison and validation of the coating reaction and consolidation of silica precursor on the GO sheets. (f)

rheology plots showing relative viscosity vs. shear rate for the materials depicted in (a—d).

184 nm after removal of the GO material by heat-treatment at
586 + 5 °C for 2 h (see Fig. 2c and Table 2). The optimal heat-
treatment temperature and time (2 h) was established as
effective for removing the GO templateafter several heating
experiments ranging from 550 to 620 °C, further validated by
thermogravimetric measurements (Fig. S1f) and the energy
dispersive X-ray data (XPS) shown in Fig. 2e. The formation of
the silica sheets and their preservation of the GO morphology
(Fig. 2a) relied on having the GO present as a suspended and

both the silica precursors (aminopropyl-triethoxy and tetra-
ethoxy functional silanes, APTES and TEOS, respectively)
repeatedly resulted in on average ca. 1.5 nm thick particles
(Fig. 2c), the APTES-coated GO was found to form 1-2 layer
coatings, while TEOS-coated GO formed 1-3 coating layers
(Table 2). The difference in coating layers and in the specific
surface areas, where APTES-derived SiO, resulted in an SSA
value of 247.6 m* g~! compared to TEOS-derived SiO, resulting
in a SSA of 86.6 m> g™, suggested that multi-layer coatings

had resulted with an overall reduction in SSA for the TEOS-
derived SiO, compared to the GO template (Table 2). It
appeared that the deposition of the silica precursor to the GO

never dried template at the earliest stages of the condensation
reaction, as well as using an optimized quantity of silica pre-
cursor, for the formation of the condensed SiO, sheets. While

Table 2 Morphological properties in terms of lateral dimensions, thicknesses (measured using AFM), and specific surface area (SSA) for GO, TEOS-
coated GO (TGO), and APTES-coated GO (AGO) before and after thermal treatment

Average particle thickness®

(nm) SSA (m® g™") Lateral dimensions® (nm)
Number of SiO, Simulated monolayer

Pre-heat Post-heat Pre-heat Post-heat Pre-heat Post-heat precursor coating coating thickness
treatment treatment treatment treatment treatment treatment layers (nm)

GO 0.9 +0.1% — 140.0 — 533 + 134" — — 0.65”

GO + 1.5+1.0° 1.6 +0.9° — 86.6 516 168" 500 +184%  1-3 0.55

TEOS

GO + 1.4+0.8° 1.5+0.8° — 247.6 585 + 306" 471 + 185* 1-2 0.8

APTES

“ Average partlcle thickness was determined from 9 measurements using AFM, whlle the lateral dimensions were determined from 50 measure-
ments using Image] from SEM images. AFM 1mages are included as Fig. 3.+ ” Thickness of a single GO layer, including OH groups on both
sides. The SSA for GO was determined to be 140 m* g~". The superscript letters mean significant differences with a confident level of 95% (p <
0.05).

13040 | Nanoscale, 2023,15,13037-13048 This journal is © The Royal Society of Chemistry 2023
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template particles also was more uneven in the case of TEOS
due to the less homogenous condensation behavior of the
silica precursor, forming small protrusions from the surface of
the GO (Fig. 2b and c). After the coating reaction and heat-
treatment, it was evident that the smooth and uniform surface
seen in the ca. 1 nm thick GO sheets (Fig. 2a), had been
replaced by a slightly rougher SiO, surface (Fig. 2c). However,
the material retained the overall sheet morphology of the GO
template. Furthermore, the ability of the GO sheets to roll back
slightly at the edges (Fig. 2c and 5c) was lost in the replicated
SiO, material, suggesting that the particles are stiffer in the
plane of the SiO, sheets compared to the GO template. The
slightly reduced lateral dimensions of the SiO, sheets 500 *
184 nm may indicate that extensively curved edges of GO
sheets are more challenging to replicate in the SiO, materials.
Fig. S21 shows the result of precipitating the above SiO,
materials without the GO template, demonstrating that no
sheet morphology could be observed. Fig. 2d depicts commer-
cial spherical SiO, nanoparticles sized ca. 20 nm, known as
fumed silica (FS),>* which were characterized as a reference
material for comparing the rheological effects shown in
Fig. 2f.

Fig. 2e shows the deconvoluted high-resolution C 1s XPS
spectra of GO, SiO, precursor-coated GO, and heat-treated
SiO,-coated GO, revealing a completely different pattern for
pristine GO and functionalized GO before and after heat treat-
ment. More specifically, the saddle-like pattern of GO, which is
associated with graphene after severe oxidation,”>*® implies
the simultaneous presence of sp” (284.6 eV) and sp® (285.4 €V)
C atoms, typical of the graphitic and hybridized components.
The two other peaks are associated with C-O bonds from
hydroxyls or epoxides (287 eV) and C=O0 bonds from carbonyls
(288 eV), which agrees with data presented by Vryonis et al.”’
The condensation reaction with APTES resulted in an increase
of the sp*-peak (relative to the sp* peak), which is consistent
with a reduction in the non-graphitic, non-conductive property
of the silica-based functionalization on the GO template. This
increase was at the expense of hydroxyl and epoxide groups of
GO, as indicated by the simultaneous decrease of the peak at
287 eV. When TEOS was used as a precursor, the resulting
deconvolution spectrum was unexpectedly similar to the pris-
tine GO (with the exception of less intense sp® and sp® peaks),
suggesting that TEOS was less efficient at reacting with the
oxygen functional groups on the surface of the GO. Finally, the
deconvolution spectrum for the heat-treated SiO,-coated GO
(pure SiO,) showed that the non-graphitic component was the
dominant material. However, there was still graphitic material
present, as well as oxygen-bearing carbon groups, which can
plausibly be due to insufficient heat treatment for complete
removal of the carbon phase from the pure SiO,sheets.

Si 2p XPS was performed to investigate potential silicon
oxide differences due to the condensation of the SiO, precur-
sor, where a clear difference between the APTES and TEOS-
coated GO was observed in the spectra (Fig. S6T). The APTES-
coated GO showed two peaks, at 101.9 eV attributed to Si-C
and at 103 eV attributed to Si-OH. The Si-C peak was only

This journal is © The Royal Society of Chemistry 2023
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observed in the APTES-coated GO, being a characteristic peak
for the aminosilane.”®**! In comparison the TEOS-coated GO
showed three peaks at 102.9, 104.2, and 105.7 eV, which where
attributed to Si-OH, SiO,, and Si-O-Si, respectively.?®3*33
After heat treatment, no new bonds where observed for the
TEOS-coated GO, instead a shift in intensity occurred as SiO,
increased markedly in comparison to Si-OH and Si-O-Si, from
the conversion of Si-OH and Si-O-Si bonds into SiO,.>* In
contrary, APTES-coated GO showed a different shift in its spec-
trum after the heat treatment, where a shift of ca. 2 eV
occurred for the entire spectra. Furthermore, the resolved
bonds found prior to the heat treatment had been completely
replaced by the same bonds (104.1 and 105.5 eV) found in the
heat-treated TEOS-coated GO (Fig. S6d¥) corresponding to SiO,
and Si-O-Si respectively. The results suggests that the heat
treatment converted the APTES-coated GO into a similar
materials as the heat-treated TEOS-coated GO. The reason for
the difference in the spectra prior to heat treatment (Fig. S6a
and bt) is attributed to the more effective condensation of
TEOS in comparison to APTES, resulting in a more crosslinked
SiO, network, while APTES is a more compromised cross-
linked network, on the surface of the GO as seen by the
absence of Si-O-Si and SiO, bonds (Fig. S6at).*® A possible
explination as to why the Si-OH groups remains in the heat-
treated TEOS-coated GO (Fig. S6dT) and not in the heat-treated
APTES-coated GO (Fig. Séct) is that TEOS forms a more ran-
domly condensed network on the GO (Table 2), preventing
some of the OH functional groups from converting in to SiO,.
This explination is supported by the carbon (C 1s) peak seen
in Fig. S7f, which changed significantly for the APTES
materials (b and c¢) while remaining relatively unchanged for
the TEOS materials (d and e), indicating trapped material
within the heat-treated TEOS-coated GO materials.

Fig. 2f shows the shear thinning response of the 0.5 wt%
GO and fumed silica (FS) particles suspended in MQw (black
and red, respectively). A significant difference in relative vis-
cosity can be observed within the measured shear rates
between 10 and 50 s~ for the two systems. The 2D GO sheets
exhibited a relative viscosity of 110 at 10 s~*, which is ca. 20
times higher than the spherical FS particles at the same shear
rate. In comparison, the 0.5 wt% APTES-coated GO and TEOS-
coated GO particles suspended in ethanol (light green and
light blue, respectively) show similar relative viscosity patterns,
being in between the values of the 2D GO sheets and the
spherical FS particles. Both APTES and TEOS-coated GO
exhibited a lower relative viscosity than the GO but higher
than the FS particles. The APTES-coated GO showed the
highest relative viscosity of the two SiO, precursors throughout
the entire shear range, with a value of ca. 26 (at 10 s~') com-
pared to TEOS-coated GO (ca. 6 at the same shear rate).
However, the APTES-coated GO is shown to have a significant
shear thinning over the shear rate range, decreasing by a value
of ca. 23, compared to the seemingly more stable TEOS-coated
GO, which only had a relative viscosity reduction of ca. 5.

Heat-treating the coated GO particles; (APTES-coated GO
(dark green), and TEOS-coated GO (dark blue), respectively)

Nanoscale, 2023,15,13037-13048 | 13041
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had the same effect regardless of the precursor,where the
measured relative viscosity increased. However, the degree of
the increase in relative viscosity varied between the heat-
treated APTES-coated and TEOS-coated GO, where heat-treated
APTES-coated GO showed an increase by ca. 100 times, com-
pared to the mild increase for heat-treated TEOS-coated GO
(only 2 times). The increase for the heat-treated TEOS-coated
GO resulted in a comparable relative viscosity as the APTES-
coated GO particles, thus approaching the rheological behav-
ior of the GO sheets (see Fig. 2f). The heat-treated APTES-
coated GO particles exhibited the highest recorded relative vis-
cosity of all the particles tested, even surpassing the GO par-
ticles. In addition, the specific surface area (SSA) of the heat-
treated SiO,-coated particles using APTES was ca. 3 times
higher compared to heat-trated TEOS-coated GO, confirming
the differences between using APTES/TEOS as precursors.
Comparing the relative viscosity of the APTES and TEOS SiO,
particles against the GO particles, the trend was that particles
with larger SSA exhibited a higher relative viscosity.*
Furthermore, particles with a higher aspect ratio have a higher
relative viscosity, which can be seen when comparing the heat-
treated APTES-coated GO particles with an aspect ratio of ca.
174 compared to the spherical FS particles with an aspects
ratio of 1. The effect possibly stems from the spherical mor-
phology of the FS particles .*”*® However; additional inter-
actions can significantly affect the rheology of the particle sus-
pensions, including particle network formation associated
with hydrogen bonding and r-stacking.’>*° In the case of the
APTES-coated GO, the amino groups present on the surface
may also have increased the interaction volume of the particles
by forming layers of adsorbed water molecules increasing the
interacting volume of the particles.*!

The rheological behavior of the nanoparticle suspensions
showed that a shear thinning effect was always observed,
regardless of surface functional groups or morphology (see
Fig. 2f). However, comparing the decrease in relative viscosity
of the particles, it was found that FS, GO, TEOS-coated GO,
and heat-treated TEOS-coated GO decreased by ca. 70-80%,
while the APTES-coated GO and heat-treated APTES-coated GO
showed a slightly higher decrease of ca. 90%, indicating that
the APTES-modified particles were less shear stable in com-
parison to the TEOS particles. The the heat-treated APTES-
coated GO particles showed a significantly higher relative vis-
cosity than all other particles. It is suggested that the higher
relative viscosity of the heat-treated APTES-coated GO was due
to the highly uniform thin particles obtained and the highest
SSA of all the tested particles (see Table 2). The results suggest
that the SSA of particles has a large impact on the viscosity of
the material and that using APTES resulted in the highest rela-
tive viscosity.

High-temperature removal of the GO-template

Fig. 3 shows the infrared spectra of freeze-dried samples of the
virgin GO-material (Fig. 3a), the silane-coated GO with (APTES-
coated GO, Fig. 3a) and without amino functionalities (TEOS-
coated GO, Fig. 3b). The pure SiO, sheets obtained after
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Fig. 3 FTIR-spectra of freeze-dried samples of GO, APTES-coated GO,
pure SiO, obtained from APTES-coated GO (a), TEOS-coated GO, and
pure SiO, obtained from TEOS-coated GO (b).

thermal treatment at 586 °C for 2 h(replicated from the GO-
template), are also displayed in Fig. 3a and b for their respect-
ive SiO, precursor material (APTES or TEOS). For the GO-refer-
ence sheets, the FTIR measurements showed three major
peaks in the range 1800-1000 cm ™" (Fig. 3a). The peaks corre-
sponded to the functional carbonyl-, conjugated carbon-
carbon, and carbon-oxygen groups (bond stretching) at
1710-1720, 1618 and 1050-1150 cm™', respectively,*>*’
although at relatively low intensity compared to the large
shoulder present in the range 3000-3500 cm™ ', which was
associated with the adsorbed water and the hydroxyl groups
(O-H bond stretching).** After high-temperature thermal treat-

This journal is © The Royal Society of Chemistry 2023
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ment at 586 °C, the formed pure SiO,-sheets had in common
the formation of a more uniform strong peak at ca. 1060 cm™,
which is synonymous to a more crosslinked SiO,-network
(Fig. 3a and b).*>"*” The more crosslinked SiO,-network is rep-
resented by the merging of the two smaller peaks at 1188 cm™*
and 950 cm ™", corresponding to the asymmetric stretching of
Si-O-Si and the stretching of Si-O (silanol) groups, respect-
ively.*® In a less constrained network, these two peaks are typi-
cally accompanied by an additional peak at 920 cm™, which
was more prominent in the case of the amino-functional SiO,-
network. Finally, the peak observed at approximately
1640 cm™" in the pure SiO, (Fig. 3a) corresponded to the
amide groups, which explains its absence in the TEOS-based
materials.*® Overall, it was evident that the carbon contained
in the material was removed during the high-temperature
treatment, something which was also seen in the mass loss
curves shown in Fig. S1.f The mass losses observed initially
corresponded to the removal of physically absorbed water (T <
150 °C),*° and at the higher temperatures of 300-350 °C, the
removal of oxygen-containing functional groups such as epoxy
and carboxylic groups.®® Finally, the combustion of the carbon
framework (GO template) was apparent, occurring at
500-600 °C,*">> forming the pure SiO, material (Fig. 3a and
b). Fig. S1t further shows the specific oxidation patterns
associated with the GO template and the removal of oxygen,
hydroxyl, and epoxy groups associated with the surface of GO
(compare XPS data in Fig. 2e).

Fig. 4 shows the advantage of carrying out the GO-templat-
ing reactions in the suspended state, using only alcohol and
water as the reaction medium. Although the reactions required
extensive time to ensure completion (40 h), the alcohol
allowed for a slow and gradual deposition and condensation of
the SiO,-precursor (APTES and TEOS, see Table 2), which

Fig. 4 Micrograph depicting the homogenous 2D TEOS SiO, material
after heat treatment (a and b). Photo of materials at various stages
freeze-dried GO (c), freeze-dried silanized GO (d), and heat-treated sila-
nized GO (e). The images were taken after the freeze drying, demon-
strating solely the effect of the freezing rate.
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emphasized itself as uniformly shaped and extremely thin
silica sheets (Fig. 4). Accordingly, the controlled large-scale
preparation of the hybrid SiO,/GO-material was not limited by
the size of the reaction, as long as excessively rapid conden-
sation of the precursor material to the template could be
avoided, which would occur with excessive amounts of water
present in the reactions (Fig. 4). Fig. 4a demonstrate the pure
SiO,-sheets responsible for the rheological behavior shown in
Fig. 2f, as spread-out freeze-dried material on the surface of
the SEM-sample holder. The sheets can be observed as ran-
domly oriented clusters with low sheet-to-sheet adherence; see
Fig. 4b (inset). The record large-scale GO template synthesis is
also demonstrated from the inset photographs (Fig. 4c-e),
where the GO, the SiO, coated GO, and the pure SiO,-sheets
are shown as powders. The preparation of the powders
required controlled freeze-drying conditions to avoid extensive
sheet aggregation; this was the case for all nanosheet materials
in this study. Fig. 5 demonstrates the effect of the freezing rate
before carrying out the freeze drying procedure on the
aqueious suspension containing the pure GO-sheets. These
sheets contained a more limited amount of hydroxyl groups
on their surface compared to the glassy hybrid SiO,/GO sheets
obtained (see XPS, Fig. 2e).

Effect of suspension freeze rate on GO Morphology

Fig. 5 depicts GO that was frozen at a fast-freezing time
(Fig. 5a-c, t < 1 s) and a slow freezing rate (Fig. 5d-f, ¢ = 100 s).
The fast freezing resulted in a highly uniform and porous-like
material, which, on a macroscopic scale, could be reproduced
as large pieces of foam, see Fig. 5a. The material shown in
Fig. 5a consists of sheet-like structures, further highlighted in
Fig. 5b and c, appearing as a 3-dimensional web of bent,
twisted and rolled up GO sheets, similar to what had pre-
viously been described by Guex et al. (2017).%° The individual
GO sheets measured 530 + 130 nm in lateral width (inset
Fig. 2a), which was 96.4% of the documented size reported by
the manufacturer (500-550 nm).”* Additionally, no apparent
anisotropy could be observed within the network of associated
GO sheets (Fig. 5b), ie., when the rapid freezing had been
carried out. The relevance of the rapid freezing, in the context
of replicating the 2D sheet morphology of the GO into the SiO,
sheets, is visible from Fig. 5d-f. Fig. 5d shows individual GO
sheets that always were associated into large “super-sheets”
when slowly freezing the GO suspension. Fig. 5f highlights
that the super-sheets consisted of individual GO nanosheets
assembled in a parallel stacked manner, as opposed to the
foams from the fast freezing consisting of individual GO
sheets. The material orientation was further visible as the
super-sheets had no perpendicular direction, instead adopting
a more layered formation in relation to the neighboring super-
sheets (Fig. 5d and e). Further magnification shows the GO
super-sheets having smooth surfaces with a decreased pres-
ence of features such as bending, splitting, or looping com-
pared to the individual sheets (comp. Fig. 5e and b). The for-
mation of the large super-sheets led to a significant size
increase, going from 0.5 um using the fast freezing method, to
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Fig. 5 Effect of suspension freezing rate on GO using a freeze time of t < 1 s (a—c), and t = 100 s (d—f); insets do not represent the shown magnified

area.

more than 100 um in lateral dimensions using the slow freezing
method, which stemmed from merging of individual sheets due
to of the slower freezing rate.>** The size difference of the GO
sheets could be attributed to the formation of ice crystals,
which were steered towards forming larger ice crystals during
the slower freezing process, compared to when the freezing rate
was fast.>*>® It is suggested that the slower freezing rate allowed
the individual GO sheets to be moved along with the ice crystal
boundaries, forming the larger compressed GO super-sheets.>®
This super-sheet formation with multiple individual sheets
compressed into larger sheets play an important role in
forming n-r interactions, leading to a more stable material.*®
Overall, the micrographs reveal that the choice of freezing
method during the treatment of the GO sheets, as well as the
SiO, coated sheets, has a major impact on the 3D structure of
the formed foam materials, as well as the morphology of the
individual sheets. However, the morphology-phenomena was
likely also affected by the condensation reaction itself and the
choice of SiO, precursor when preparing the SiO, materials.

Effect of silane structure on coating morphology

Fig. 6 shows the SiO,-coated GO before and after the heat treat-
ment using APTES (Fig. 6a and b) and TEOS (Fig. 6c and d) as
the silane precursor. While the dimensions of the APTES-
coated GO and the TEOS-coated GO have been shown to have
similar lateral dimensions both before and after heat treat-
ment (see Table 2), the micrographs reveal differences in the
sheet appearances resulting from the choice of SiO, precursor.
While the APTES-coated GO sheets appear smooth and flex-
ible, able to deform into conformations that form twisted,
bent, and rolled-up structures, the slightly thicker (see Table 2)
TEOS-coated GO appears as rigid sheets, seemingly unable to
deform to the same degree. These differences are preserved
after the heat treatment, indicating that the morphological

13044 | Nanoscale, 2023, 15, 13037-13048

traits of the coated GO were transferred to the pure SiO,
nanosheets. Accordingly, it is suggested that the structure of
the individual sheets was attributed to the coating thickness,
which in turn, resulted from the varying configurations and
stereochemistry of the SiO, precursors.

Fig. 6e-h shows the theoretical models of monolayer and
bilayer coatings on the surface of the GO nanosheet template
made from atomistic simulation models. The GO depicted in
Fig. 6e shows the OH functional groups present on the
surface; these functional groups are attributed to the location
where the SiO, precursors would condensate and form the
initial nucleating condensation structure. The models seen in
Fig. 6f and g demonstrate a slight difference in the theoretical
coating thickness, even when monolayer coatings are achieved.
Stemming from the bulky carbon chain functional group in
APTES. Although the theoretical monolayer coating thickness
is larger for APTES, the bulky carbon chain limits further con-
densation, thus limiting the number of coating layers. This
limitation may explain the virtually no difference in the
measured thickness as seen in Table 2. Using Eqn (1), it is
possible to calculate the number of coating layers present on
the GO template:

Particle thickness — GO thickness

Coating layers =
gy Monolayer thickness

(1)

The results suggest that, regardless of using APTES or
TEOS, the resulting coatings where monolayers. However, after
heat treatment, the particle thickness remained relatively
unchanged, possibly due to multiple SiO, sheets packing
together (simulation model seen in Fig. 6h). Furthermore, the
AFM measurements shows a variance high enough that mul-
tiple coating layers may occur, with two layers forming for
APTES and up to three layers being recorded when TEOS was
used (Table 2). The cause of this difference is due to the avail-

This journal is © The Royal Society of Chemistry 2023
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[Teble2] ‘

Fig. 6 Micrographs showing individual nanosheet structure for the
APTES-coated GO, pre and post-heat treatment (a and b), compared to
TEOS-coated GO, pre and post-heat-treatment (c and d), insets do not
represent the shown magnified area. All micrographs were taken on
samples frozen using a freezing time of t < 1 s. Models used for theore-
tical monolayer calculations for GO, APTES-coated GO, and TEOS-
coated GO (e—g). Model of double layer coating obtained using TEOS
(h).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

able reaction sites on the SiO, precursors, where APTES con-
tains one less reactive site compared to the four OH groups
present in TEOS, thus restricting the growth of APTES away
from the surface of the GO. The difference in thickness
between the theoretical monolayer thickness and the
measured monolayer thickness is also likely attributed to the
possible formation of defects during the condensation of the
SiO, precursors, either due to the reaction conditions or
defects in the GO template. It is also possible that the nature
of the condensation reaction for the TEOS precursor, to a
greater extent, was affected by competing reactions, shown as
small grain structures on the derived sheets, see Fig. S8.f
Overall, it is argued that the difference in coating thickness is
caused by the variation in functionalities present in the SiO,
precursors as the reason for the difference in the behavior of
the final SiO, nanosheets. The theoretical maximum yield was
estimated using the amount of APTES and TEOS described in
Table 1. The yield was calculated by dividing the moles of
silane that can theoretically react with the GO (estimating one
oxygen per seven carbon atoms) with the total amount of SiO,
produced if all silane reacted with GO. Thus, taking 10 ml
APTES and TEOS results in a theoretical maximum yield of
2.17 to 2.07%, respectively. This demonstrates that the choice
of SiO, precursor will have an impact on the morphology and
behavior of the SiO, nanoparticle sheets. The suggested silica
precursors open up for further exploration of 2D silica oxide
materials and provide an alternative synthesis method for
smooth mono and bi-layer nanoparticles such as physical
exfoliation.>*>’

Conclusion

Graphene oxide (GO) nanosheets were used as a template for
the preparation of silicon oxide (SiO,) 2D nanoparticles, where
the morphology of the GO sheets was successfully replicated to
the SiO,-nanoparticles with near identical sizes and thick-
nesses as the template. The optimized condensation reactions
allowed for coherent and uniformly coated GO sheets with a
total thickness of ca. 1.5 nm for two different silane precur-
sors, ie., (3-aminopropyl) triethoxysilane (APTES) and tetra-
ethyl orthosilicate (TEOS). However, the two SiO, precursors
displayed different condensation characteristics when used at
the same concentration. Computational modeling of the
theoretical SiO, precursor monolayers and AFM measurements
revealed that using APTES resulted in 1-2 layer coatings while
TEOS resulted in 1-3 layers coatings. The removal of the
organic carbon template (GO) and isolation of the SiO, sheets
was possible by a controlled thermal treatment at 586 + 5 °C,
where carbon was thermally removed (as verified by XPS data),
while the formed SiO, sheets remained intact. Furthermore,
the nanoparticles showed an increase in the specific surface
area up to ca. 77%, compared to the original GO template after
the heat treatment due to the realization of smooth, thin,
uniform and complete GO template coverage, which upon
thermal high-temperature carbon template removal opened up
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for additional sheet exposure. Rheological measurements
showed a shear thinning behavior for both coated and heat-
treated SiO, particles and demonstrated that high specific
surface area, often exhibited by 2D nanoparticles, markedly
affected the relative viscosity of the particle suspension. To
accurately determine the true dimensions of the virgin GO
template, the coated GO sheets, and pure SiO, nanoparticles,
the study included the development of a simple freezing proto-
col to minimize artifacts during the isolation from the reaction
medium. The preservation of the virgin GO morphology relied
on minimizing any sheet associations from occurring in the
GO suspension prior to the templating reaction and drying. It
was found that rapid freezing conditions were essential to
reduce particle aggregation due to ice crystal formation during
the freeze-drying process. Lastly, the degree of bending of the
SiO,-sheets observed via SEM suggests that the choice of SiO,
precursor affects the stiffness of the resulting SiO, material.
This novel type of solution-based templating reaction reveals
how scalable methods of developing SiO,-based nanoparticles
are possible, where the morphology of the template solely
limits the morphology. Such types of SiO, 2D nanoparticles
can be envisioned in numerous applications, such as elec-
tronics, semiconductors, energy storage, and catalysis
materials.
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