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A key task in today’s inorganic synthetic chemistry is to develop
effective reactions, routes, and associated techniques aiming to
create new functional materials with specifically desired multilevel
structures and properties. Herein, we report an ultrathin two-
dimensional layered composite of graphene ribbon and silicate via a
simple and scalable one-pot reaction, which leads to the creation of a
novel carbon-metal-silicate hybrid family: carbosilicate. The graphene
ribbon is in-situ formed by unzipping carbon nanotubes, while the
ultrathin silicate is in-situ obtained from bulk silica or commercial
glass; transition metals (Fe or Ni) oxidized by water act as bridging
agent, covalently bonding the two structures. The unprecedented
structure combines the superior properties of the silicate and the
nanocarbon, which triggers some specific novel properties. All
processes during synthesis are complementary to each other. The
associated synergistic chemistry could stimulate the discovery of a

large class of more interesting, functionalized structures and materials.

Introduction

With the vibrant growth of emerging sciences and the rapid
development of new technologies, there is greater demand for
chemists to create more multi-phase inorganic materials with
specific structures and functions.l'l Conventional materials
including glass, ceramics, and metals have been widely
investigated and refined for composites applications, where
carbon has proven to be the most successful reinforcement and
a matrix for these compositions.?! The challenging parts are the
complexity as well as our limited understanding of hybridizing
processes in both theoretical and experimental executions.!"]
Therefore, working on the development of novel and effective
synthetic technologies and carrying out related theoretical studies
is of high significance for the scalable creation of a large class of
new matters.

Generally, two-dimensional (2D) materials are expected to have
better mechanical and chemical response than their bulk form due
to confinement of electrons and the absence of weak interlayer
interactions.B! Ultrathin 2D structures like graphene nanoribbon
and silicate have attracted increasing attention owing to their
unique physical and chemical features.®! According to the edge
patterns, graphene nanoribbons® have versatile electronic
properties, therefore are excellent candidates for application in
electronic devices.®! Layered silicates have been widely used as
catalyst supports as well as adsorber.l They also have good
performance in applications that involve charge transfer
processes, including sensors, field emission devices, and
photocatalytic ~ applications.®!  Considering their superior
independent properties, the hybridization of the graphene ribbon
and the layered silicate is of great interest to adjust their intrinsic
properties and achieve properties which are absent in pure
materials. However, chemically bonding of carbon and silicate
generally cannot happen due to their surface inertness to each
other. Herein, we report a novel and effective synthetic route to
fulfill the covalent bonding of the two structures leading to the
creation of a large family of the carbon and silicate composite:
carbosilicate.
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Results and Discussion

In a typical synthesis process, three commercially available
agents: carbon nanotubes (CNT), silica and metallic iron powder
are mixed in an autoclave with deionized water, following one
simple hydrothermal treatment (experimental details in SlI,
Supplementary Information). The obtained product is collected via
filtration and washed with ammonia to remove the unreacted silica.
Figure 1 shows a schematic drawing of the potential “unzipping
and zipping” process during synthesis. Generally, an “unzipping”
process from CNT into graphene nanoribbons takes place, while
the bulk silica is “unzipped” and reforms into layered silicate. The
reaction between iron and water (2Fe® + 6H,0 — 2Fe3* + 60H~ +
3H,), is most likely the “scissor” for the two unzipping processes
and the formed iron cations “zip” the silicate and graphene
nanoribbon giving an ultrathin carbosilicate. Predictably, other
transition metals such as nickel and cobalt can also work for the
unzipping processes like iron. It is worth to note that the
“unzipping” process of the CNT enhances the formation of the
layered silicate, without which the commercial glass cannot form
any layered silicate. Meanwhile, the “unzipping” process of the
silica is indispensable for the CNT unzipping process, without
which the CNT remains the tube structure (Figure S1). The two
“unzipping” processes in return boost the reaction between iron
and water (as the main driving force for the “scissor”),
continuously extracting the only but useful byproduct hydrogen
from water. In sum, all these reactions are interdependent and
promote each other, making the impossible possible. The
synergistic effect of the “impossible” reactions also sheds a light
to develop novel reactions and structures by combining some
unusual processes.

Product

Precursor One-pot-reaction

Carbon Unzipped Zipped Carbosilicate
Nanotubes Carbon
Nanotubes

Buiddizun
Buiddiz

Exfoliated layered Silicate

4
VS ey vy 3

Figure 1. Schematic illustration of the potential “unzipping and zipping”
synthesis process of the carbosilicate. The image is not drawn to scale and only

one simple possible stacking form of the product is provided for visualization.

As linking agent, iron has significant influence on the products.
When the added iron content is 2.5 wt% of the carbon, the CNT
(Figure 2a, S2) only partially open forming a mixture of layered
carbosilicate and unopened CNT (Figure S3). By adding
excessive amount of iron (65 wt% of carbon), most CNT are
unzipped with the formation of the carbosilicate, in which up to 10
wt% iron content can be achieved (10Fe-CSiOy). The sample
exhibits mainly layered structures as demonstrated by scanning
electron microscopy (SEM, Figure 2b). The transmission electron
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microscopy (TEM) further confirms the 2D structures with 3-4 nm
thickness (Figures 2c, d). Mapping information (Figures 2e-i)
verifies the formation of associated layered carbon and iron-
involved silicate (we name this as iron silicate), wherein the
silicate adheres to the carbon surface. The iron as bridging agent
for the two phases, also scaffold the 2D structure. When the iron
is removed with sulfuric acid, the structure collapses, and
agglomerates into big chunks (Figure S4). Although CNT are
mostly unzipped (Figure S5), there are still trace tube residue
observable. In a formed fine ultrathin 2D structure, the atomic ratio
of Fe, C, Si, O can be confirmed as 3: 4: 5: 21 (Figure S6).
Nevertheless, the carbon and silicate phases are independent of
each other, allowing the ratio to be adjusted in a very wide range.

Figure 2. a) SEM images of the CNT. b) SEM images of 10Fe-CSiOx (share
same scale bar with a). TEM images of the 10Fe-CSiOx in low c¢) and high d)
resolution e) STEM images of the sample (mapping information are taken within
the orange box). Element mapping images of the nanocomposites f) C, g) Fe,
h) O and i) Si.

Basically, carbon surfaces are covered by different oxygen
functional groups which can adsorb or react with metal species
(Figure S7). The functional groups on CNT result in the adsorption
of 0.62 wt% of iron (FECNT, Table S1). The adsorbed metal
species have the ability, through the energy input, to unzip CNT
by sequential carbon-carbon bond cleavage.®! The unzipped
carbon edges can be terminated by forming phenol groups which
can further saturate with iron species. Meanwhile, the formed
layered silicate has abundant hydroxyl groups on the surface,
which can also be terminated by iron species.'” Thus, by
stabilizing both structures, iron ions combine them to form the
carbosilicate. When CNT was replaced with a fully functionalized
spherical shaped non-graphitic carbon, a homogeneous
adsorption of the iron silicate on the carbon surface can also be
observed (Figure S8); while with a non-defective tube carbon
(annealed at 3000°C to remove defects), no composites can be
formed (Figure S9). Therefore, the functionality on carbon surface
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is indispensable for the formation of the composite. This is proved
in the following parts.

The formed graphene ribbons have maintained the sp? hybridized
structures from CNT. Figure 3a shows the near-edge X-ray
adsorption fine structures (NEXAFS) C k-edge spectra of different
samples, confirming the preservation of the sp? structures after
the unzipping process. X-ray diffraction (XRD) curves suggest
that the graphitic structures are maintained for different samples
(Figure S10). A change of the C k-edge signal intensity in the
region attributed to C-O species on the CNT surface can be
observed in comparison to the carbosilicate samples,
demonstrating a blocking effect of the surface functionality by the
silicate. For further investigations of the surface functional groups
and their interaction with silicate, a stepwise thermal analysis!'"lis
performed. The original CNT has specific functional groups on the
surface, which thermally decomposed one by one under the
release of CO, (m/z signal 44) or CO (m/z signal 28) at certain
temperatures (Figures S11, 12). Figure 3b and Figure S13 show
the mass spectra and the derived quantities of the functional
groups on different carbon surface. For CNT, it contains various
functional groups (six steps are used to distinguish them). For the
FeCNT, as iron ions reacted with oxygen functional groups, the
relative desorption of the oxygen functionality happens mainly at
one specific temperature around 800°C. This is because most of
the functional groups on the CNT surface are stabilized by forming
Fe-O-C bonds. For the 10Fe-CSiO4 sample, the formation of the
C-O-Fe (silicate) shows even better stabilizing effect on the C-O
bond and the relative desorption temperature can reach to
1000°C. This is direct evidence of the oxygen functional groups
reacting with the iron silicate. Although the C k-edge spectrum
and the NEXAFS spectrum shows only small amounts of oxygen
on the surface of the formed carbosilicate, a clear increase of the
oxygen content on the carbon surface could be confirmed by '*C
NMR (Figure 3c). The CNT displays a broad "*C peak at 139 ppm,
which is ascribed to the sp? carbon from the carbon backbone,
while the oxidized carbon on the surface displays a shoulder peak
at around 235 ppm. The intensity ratio of the oxidized/bulk part
increases from 0.26 of CNT to 0.46 of 2.1Fe-CSiOy, and 0.57 of
10Fe-CSiOy, respectively. It is explainable, as the unzipping
process must introduce more oxidized carbon edges.

The NEXAFS of iron L-edges (Figure 3d) of different samples
confirm the presence of oxidized iron in the composites (mainly
as octahedral form). The Si-L and Si-K edges in the electron
energy loss spectra (EELS) of the carbosilicate stay at the similar
position in comparison to the SiO, references (Figures S14-S15),
demonstrating that the bulk silica is not reduced. The observed
vibration of Si-O-Si bond at 1006 cm in the IR spectra supports
the formation of the new bond (Figure 3e).l'? The blue shift of 26
cm™ for the Si-O-Si peak in comparison to iron silicate (1032 cm
31 is most likely caused by the interaction with carbon. The
unzipping process of CNT is also supported by the Raman
spectra in Figure S16. The G bands of the carbosilicate shift to
lower wavenumbers in comparison to the CNT, which is a typical
shift from a curved graphitic structure to a plain structure.['
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Figure 3. a) NEXAFS C k-edge of the CNT and the carbosilicates. b) Quantified
carbon oxides content of the different samples via mass spectra when heating
them at different temperatures. The m/z 44 signal is attributed to CO?*. FeCNT
is the iron chemically adsorbed on CNT. The m/z 28 signal is attributed to CO*.
The programmed temperatures (detail procedure in Figure S11) are used for
removing different functional groups on carbon surface. The six steps with six
peaks represent: 1) 253°C carboxylic, 2) 315°C, lactone (on zigzag edges) 3)
510°C anhydride, 4) 620°C ethers, 5) 800°C phenol and 6) 1000°C carbonyl
groups, respectively. c) NMR spectra of different samples. The intensity ratios
of the oxygen functionalized carbon at 235 ppm and the intensity of the main
carbon peak at 139 ppm are 0.57, 0.46 and 0.26 for 10Fe-CSiOx, 2.1Fe-CSiOx
and CNT, respectively. d) NEXAFS spectra of the Fe L-edge of different
samples. e) ATR-IR spectra of different samples. f) NEXAFS spectra of the O

K-edge of different samples.

In the formed carbosilicate, oxygen is the connecting agent for all
other elements. Figure 3f shows the NEXAFS O k-edge of
different samples. The peaks of CNT can be assigned to C=0
(531.9 eV) and C-O (534.3 eV). For the FeCNT, the formation of
C-O-Fe leads to an increase of intensity for the C-O bond and the
peak position of the single bond shifts from 534.3 eV to 533.9 eV.
For the carbosilicate samples, the peak intensities of the C-O
single bond are also enhanced and the newly formed peaks at
529.8 eV are attributed to Fe-O-C.["® The peak of the C-O bond
almost merges with the Si-O-Si peak in the case of 10Fe-CSiOy,
which suggests the reaction between the carbon surface
functionality and the silicates. The two peaks at 537.7 eV and
540.1 eV derived from Si-O bond also change with the increase
of the iron concentration, indicating the influence from the
connection (iron) with the carbon phase. The X-ray photoelectron
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spectroscopy (XPS) data of different elements support the above
conclusions, and the details can be seen in Figures S17 to S20.

Based on above results, the proposed structure of the composites
in Figure 1 can be confirmed. In this part, the formation
mechanism of the carbosilicate is discussed in detail. The
synergistic chemistry can be partly revealed by checking the
products during the synthesis. Figure S21 shows the iron content
in the solution tested by inductively coupled plasma optical
emission spectrometer (ICP-OES). The iron content displays a
continuously increasing trend, reaching up to 16 ppm after 24
hours reaction, while pure iron and water show no detectable
products at the same condition. The unzipping process of the CNT
is a redox process from C(0) to C(oxides), while Fe®* is
considered as the main unzipping agent. This can be verified by
the theoretical calculation in Figure 4a, where the open energy of
the first carbon-carbon bond without iron involvement (3.3 eV) is
five times higher than the energy with iron involved (0.06 eV).
Considering the effect of oxygen functionality, the equation could
be C, — OH + OH™ + Fe3* - (C, — OFe)* + H,0. The Mdssbauer
spectrum of the pure iron silicate in Figure 4b indicates almost
100% Fe®*, while the 10Fe-CSiOy has around 85% Fe®* and 15%
Fe?*. Considering the abundant oxygen functionality on the
carbon surface, the layered silicates are supposed to be linked on
it (Figure 4d). After breaking the first carbon-carbon bond of the
CNT, the following unzipping process is much easier (Figure 4d).
Additionally, the functional groups on the carbon surface are also
confirmed to be favorable for the unzipping process (Figure S8,
S9), and the exposed carbon open edge need to be stabilized by
consuming OH- and iron ions to form a positive carbon surface
(Cx-O-Fe)*, which further bonding the silicate layer.

The OH- is the main agent for reacting with silica. The
consumption during the reaction with silica leads to a decrease of
the pH (Figure 4e) although even through the reaction of iron and
water, additional OH" is produced. The consuming of the OH" also
becomes a driving force for the water-iron reaction. The
“unzipping” process of silica can be described as following: the
low concentration of OH" reacts with the Si-O-Si units of the silica
forming silicate ions ( SiO, + 20H™ - Si0%™ + H,0 ; SiO, +
40H~ - Si0}~ + 2H,0 ). The consumption of silica can be
observed by the shrinking process of the bulk structure during the
reaction (Figure S22). The continuous increase of the silicate
signal in the solutions can be confirmed via UV-Vis spectra
(Figure 4f). The silicate ions resemble and condense to form the
layered silicate on positive carbon surface. (C,— 0 —Fe+
Si02~ - C, — 0 — Fe — 0 — Si03; C, — 0 — Fe + Si0}™ —» C, — 0 —
Fe — 0 — Si03™; ) The adsorption energy of the silicates on the
carbon surface is much lower than that of OH- (Figure S23). When
the positive carbon surface is fully covered, an ultrathin layered
silicate is also formed. In most commonly encountered silicates,
each silicon atom occupies the center of an idealized tetrahedron
whose corners are four oxygen atoms, while each oxygen atom is
also a bridge between two silicon atoms.l'®! It is worth to note, if
the concentration of the OH" is too high, the SiO, can be mainly
dissolved to form silicate ions in the solution (Figure S24), where

This article is protected by copyright. All rights reserved.
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no detectable solid silicate form. The hydrogen from water-iron
reaction is detectable via a portable hydrogen detector, which is
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Figure 4. a) Theoretical calculation of the energy when breaking the first
carbon-carbon bond of CNT. The red part is with the involvement of the iron
ions and the black one is without iron. b) Mdssbauer spectra of 5Fe in 10Fe-
CSiOx at 80 K (upper one) and the iron silicate without involvement of any
carbon (lower one). The Y- axes is relative transmission (RT). ¢) The unzipping
process of the CNT. d) The calculated model of the carbosilicate. e) The pH
value of the solutions during synthesis of the 10Fe-CSiOx. f) UV-Vis spectra of
the synthesis solutions for different reaction time (the numbers indicate the
positions of the main peak and shoulder peaks). The spectra show the
characteristic peaks of silicate from 216.2 nm to 219.7 nm. The shift might be
caused by bonding formation of the silicate with the decomposed carbon debris.
The gradually arising shoulder peaks could be the result of the adsorption of
those carbon debris.
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highly important as extracting hydrogen from water provides OH .
To explore the effects of the other metals than iron on the
synergistic reaction, different transition metals, like Ni, are also
being used instead of iron during the synthesis. For the reaction
with 2.5 mg Ni powder, the final product contains less Ni species
than in the case of the iron sample. The obtained final product
0.4Ni-CSiOy has only 0.4 wt% of Ni species, which also exhibits a
nice, layered structure like the iron sample (Figure S25). This
indicates that different metals other than iron may also be used
as the linker for getting carbosilicates with different metal species.

Figure 5a shows the nitrogen adsorption-desorption curve of
different samples. CNT exhibits a surface area of 232 m?g"' as
determined by Brunauer-Emmet-Teller (BET) analysis.I'! The
unzipping is supposed to have no significant influence on the
surface area. However, with the formation of the layered
composites, the surface area increased to 289 m?g’ (2.1Fe-
CSiOy) and 312 m?g™" (10Fe-CSiOy), respectively. The hysteresis
of the silicate samples can be classified as H1, which points to a
narrow pore distribution of relatively uniform meso-pores. The
increase of the surface area might result from the exfoliation of
multi-layered carbon and the silicate. Surprisingly, with increasing
the amount of iron, a mesoporous structure is formed with a fixed
pore size at around 2 nm, determined by the Barrett-Joyner-
Halenda (BJH) theory!'® (Figure 5b). Compared to the precursors
and many other materials, the formed materials have higher
surface area, more interfaces, and defects, which can be used as
superior supports and adsorbents.

a) __onr b) ——CNT
—e—2.1Fe-CSiOx o —e—2.1Fe-CSiOx
_ —— 10Fe-CSiOx oo —— 10Fe-CSiOx
o0
3 400 g
@
r £
s 005
= 200 >
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> s
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0 . T T T 0.00
0.0 0.2 0.4 0.6 038 1.0 20 40 60 80 100
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Figure 5. a) N2 sorption measurements and b) pore size distribution of different
samples.

Carbon based materials as material carrier is promising in the
application of energy area.l' In this part, we show some other
potential directions of the newly formed 2D structure. The aim is
not giving the most optimized performance but providing
promising possibilities. Figure S26 shows the performance of
different samples for water oxidation, from which the 0.4Ni-CSiOy
clearly exhibits much better performance than the commercial
NiCoO. Compared with one of the best commercial catalysts IrOy,
the sample also shows higher currents at higher potentials under
the same conditions. This phenomenon might be caused by the
better hydrophilicity of the carbosilicate than IrOx. This is
supported by the stability test, in which the IrOx shows bumps in
the current due to bubble accumulation (Figure S27a). This simple
and basic comparison is not sufficient to state that the
carbosilicate is a better water oxidation catalyst than IrOy, but this
application does demonstrate the good conductivity and
hydrophilicity of the material (water angle test in Figure S27b). A
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simple test where 10Fe-CSiOy is used as electrode in a lithium-
ion battery is also performed. Since no additional carbon is
needed to increase the conductivity, the electrode preparation
process can be significantly simplified. As the active species is
currently not known, herein the specific capacity is calculated
based on the weight of the material. Figure S28 shows the first
11" electrochemical cycles, where the first discharge capacity is
1684 mA-h-g" while the first charge capacity is 448 mA-h-g™.
Thus, the first Coulombic efficiency is low, and the irreversible
capacity is large, likely due to the solid-state electrolyte interface
formation and the irreversible structure change of 10Fe-CSiOx.
The capacity is gradually stabilized around 300 mA-h-g™" within
10 cycles, indicating 10Fe-CSiO4 could show a good cycling
performance. Thus, 10Fe-CSiOx might be useful as an anode
material for lithium-ion batteries. Further optimization is in
progress to improve its electrochemical performance.

Conclusions

We developed a quite simple one-pot and one-step method to get
a new material family of carbosilicate, in which transition metal
ions act as bridging agent for the silicate and carbon structures.
The abundant oxygen functional groups of both carbon and
silicate in combination form a stable C-O-Fe-O-Si link of the
carbosilicate with a homogeneous distribution of the involved
elements. The synthesis is also scalable and economically
effective with various carbons (can be from waste organic or
biomass), silica (can be waste glass) and metals (we only tried Fe,
Co, and Ni). The composites display some quite interesting
properties, including high surface area, uniform mesoporosity and
excellent conductivity. As it is quite adjustable, carbosilicates
could also be very useful in many other applications. The areas
where carbosilicates can play important roles are under further
investigations. The hybridization process may also inspire the
reformation and composition of carbon with the commonly used
inorganic oxides like TiO, or Al,Os.

Supporting Information

All the related information can be found in the Supporting
information document.
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Via unzipping and zipping processes, an ultrathin two-dimensional layered carbosilicate is obtained by hydrothermal treatment. In a
one-pot reaction, CNT and bulk silica are unzipped by the reaction of iron and water, followed by iron zipping the unzipped species to
form the carbosilicate. The unprecedent phenomenon brings us new insight on synergistic chemistry, stimulating the discovery of new
structures and materials.
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