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ince the discovery in 1996 that films

of surfactant-templated hexagonal

symmetry periodic mesoporous silica
(PMS) could be grown on substrates like
mica' and graphite?® with their channels
oriented parallel to the substrate surface,
there has been intense global research ac-
tivity on these films along a number of di-
rections in chemistry and physics, materials
science, and engineering. These include ef-
forts to extend the scope of the synthesis to
other templates, substrates, pore morphol-
ogies, and compositions,* to understand
the mode of formation,” to determine what
synthesis and substrate parameters control
the alignment of channels either parallel or
perpendicular to the surface of the
substrate,5~° to define and control the type
and population of defects,'® and to explore
the utility of these films in a number of ap-
plication areas that include low refractive
index optical waveguides,'" anti-reflection
coatings,'? low-k microelectronic
packaging,'*~"> photonic crystal chemical
sensing,'® and nanofluidics."”

In the context of the synthesis of PMS
on graphite and mica, the original proposal
for the mode of film formation at the
solution—substrate interface has not
changed. In brief, pristine graphite and
mica, respectively, present hydrophobic
and hydrophilic surfaces to the synthesis so-
lutions which often comprise a cationic sur-
factant template, silicate precursor, acid or
base silicate condensation—polymerization
catalyst, water, and ethanol. Under these
conditions, the hydrophobicity of the
graphite surface drives the surfactant tem-
plate to form regular arrays of parallel
aligned hemimicelle cylinders registered
with the primary three-fold axes of the hex-
agonal symmetry lattice of graphite, a pro-
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ABSTRACT This paper describes the synthesis and characterization of single-layer graphene oxide —periodic
mesoporous silica sandwich nanocomposites. Through a comprehensive exploration of the synthesis conditions, it
has proven possible to create the first example of a graphene oxide —periodic mesoporous silica nanocomposite
in which hexagonal symmetry PMS film grows on both sides of the graphene oxide sheets with the mesoporous
channels vertically aligned with respect to the graphene oxide surface. The formation of this novel architecture is
found to be very sensitive to pH, the ratio of surfactant template to graphene oxide, the amount of silica precursor,
and the temperature of the synthesis. On the basis of the collected data of a multi-technique analysis, it is
proposed that the mode of formation of the nanocomposite involves the co-assembly of silicate —surfactant
admicelles on opposite sides of graphene oxide platelets acting thereby as a template for growth of vertical
mesopores off the platelet surface. These composites showed semiconductive behavior with electrical conductivity
sensitively responding to analyte vapor exposure. The discovery of graphene oxide—periodic mesoporous silica
sandwich nanocomposites will provide new opportunities for research that exploits the synergism of the graphene
oxide and periodic mesoporous silica parts.

KEYWORDS: graphene oxide - periodic mesoporous silica -
vertically aligned pore
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cess dubbed meso-epitaxy. These hemi-
micelle cylinders serve as a template to
direct the formation of silicate—surfactant
micelle cylinders thereupon (i.e., the silicat-
ropic mesophase), which undergo hydro-
lytic polycondensation to form a PMS film
with channels oriented parallel to the
graphite substrate. By contrast, the hydro-
philicity of the mica surface coerces the sur-
factant template to form regular arrays of
parallel aligned micelle cylinders registered
with the primary three-fold axes of hexago-
nal symmetry lattice of mica, which direct
the formation of silicate surfactant micelle
cylinders thereupon and undergo hydro-
lytic polycondensation to form a PMS film
with channels oriented parallel to the mica
substrate.

The only distinguishing feature between
the PMS film that forms on graphite and mica
is the monolayer surfactant template that
self-assembles at the substrate—solution

*Address correspondence to
gozin@chem.utoronto.ca.

Received for review October 2, 2010
and accepted November 16, 2010.

Published online November 23, 2010.
10.1021/nn102618n

© 2010 American Chemical Society

VOL. 4 = NO. 12 = 7437-7450 = 2010 A@q%{g) 7437



7438

(&)

mGQO: 0303_1H35

Reduced absorbance

1 n 1 1 1

400 600 800
Wavelength / nm

D band 3 & G band
i

i

©

1 | 1
1000 2000 3000
Wavenumber / cm-]

Figure 1. (A) Schematic diagram of GO modification, (B) UV—vis, and (C) Raman spectra before and after GO modification.

interface, namely, a hemimicelle cylinder on graphite
compared to a micelle cylinder on mica. The difference
arises from the energetic advantage of the surfactant
(e.g., cetyltrimethylammonium chloride, CTACI) to bind
to graphite with its alkane tail parallel to the surface en-
couraged by the stabilizing surface hydrophobic effect
in conjunction with cationic surfactant headgroup im-
age charge and ion-pair effects, thereby favoring the
formation of parallel aligned surfactant hemimicelle cyl-
inders. On mica, the surfactant cationic headgroup pre-
fers to bind to anionic surface sites with the surfactant
alkane tail perpendicular to the surface, thereby favor-
ing the formation of parallel aligned surfactant micelle
cylinders.

These models for the formation of oriented and reg-
istered PMS film on structurally well-defined hydropho-
bic and hydrophilic surfaces raise the very interesting
question, what happens to PMS grown on graphene
and graphene oxide (GO) surfaces? These substrates are
especially fascinating as their surface polarity can be
tuned by the extent of chemical oxidation and reduc-
tion, respectively;'®?' they can be made colloidally
stable with a thickness of nanometers, and both sides
are accessible for PMS film growth.

In the research described herein, we present a de-
tailed study of the growth of PMS film on controlled po-
larity GO platelets comprising just a single layer. Synthe-
sis conditions have been established that favor the
formation of reduced graphene oxide (rGO)—PMS sand-
wich nanocomposites having the distinctive structural
feature that the channels are found to grow perpen-
dicularly off both surfaces of the GO platelets. These
composites show an interesting semiconductive behav-
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ior and sensing property toward analyte vapor due to
the unique structure. On the basis of the collected re-
sults of a multi-technique analysis, a possible model is
proposed that can rationalize this interesting and sur-
prising observation.

RESULTS AND DISCUSSION

GO Modification. Although treatment in basic condi-
tions is usually employed to modify the surface chemis-
try of carbon and to increase the population of func-
tional groups on carbon materials,?? recent reports on
the mild treatment of GO under basic conditions dem-
onstrate the reduction of GO with a loss of certain func-
tional groups and concomitant partial restoration of
the graphene hexagonal structure.?>?* Color changes
of GO dispersions from clear brown to dark gray after
our chosen treatment (Figure 1A) suggest a change of
carbon structure in the colloidal solution, which can be
probed by UV—vis and Raman spectroscopy. As shown
in Figure 1B, the UV—vis spectrum of GO dispersion be-
fore treatment shows a main absorption peak cen-
tered at 226 nm and a weak shoulder around 300 nm,
which are assigned to the m—* transition of aromatic
—C=C~— and the n—r transition of carbonyl or car-
boxyl —C=0 groups, respectively. The wavelength of
the m—m* absorption is smaller, and the intensity of
n—r absorption seen as a shoulder is much weaker as
compared to those GO from a modified Hummer's
method (which is usually around 231 nm for T—m*
absorption),?*~% indicating that the GO obtained con-
tains a lower population of conjugated C=C bonds and
a smaller amount of carbonyl or carboxyl groups. After
treatment, the peak of the m—m* absorption batho-

www.acsnano.org



4.12nm
6000
2000 |-
» 4000
]
8
5
1000 -
2000
0 0
26

Figure 2. PXRD patterns of (a) mGO—PMS(0.27), (b) rGO—PMS(0.27), and (c) CMS (after pyrolysis) prepared at pH 11.7, and
(d) mGO—PMS(0.27), (e) rtGO—PMS(0.27), and CMS (before (f) and after (g) pyrolysis) prepared at pH 12.7.

chromically shifted to 245 nm accompanied by an over-
all increase of the background absorption at wave-
lengths above 240 nm, indicative of carbonization or
partial restoration of the conjugated  structure in
modified GO (what we denote mGO). This behavior
agrees with the reported results with the slight differ-
ence that the m—m* transition occurs at a lower wave-
number, which can be attributed to the milder modify-
ing conditions used as compared to the more severe
ones in the literature using strong reductants.”® The
shoulder around 300 nm becomes less apparent after
treatment, implying significant reduction in the amount
of carbonyl or carboxyl —C=0 groups by the treat-
ment, in good agreement with the FT-IR result (Sup-
porting Information Figure S1). The restoration of con-
jugated aromatic —C=C— bonds by the treatment is
also supported by Raman spectra. As shown in Figure
1C, the G-band position of GO around 1602 cm ™' is
slightly red-shifted to 1595 cm™! in mGO, which is in
the direction toward a more perfect graphene
structure.?”.22 However, a small increase in the intensity
of the D-band around 1346 cm ™' was observed after
the treatment, which was also reported in the litera-
ture for other reduced GO.?2° Since the D-band is diag-
nostic of a breathing mode of aromatic rings and needs
defects for activation,®' this increase in the D-band in-
tensity suggests a slight increase of defect holes or
cracking of larger layers to smaller ones due to the
treatment.

The above results suggest that the GO modification
process involves reaction/reduction of surface oxygen-
containing groups (carboxyl, alcohol, and epoxy groups
in the Lerf—Klinowski model*? or quinone phenol
groups in the Scholz—Boehm?3? and Dekany’s mod-
els**). The following information further helps to under-
stand the observed behavior. First, as shown in Figure
1A, the oxygen content of mGO is not markedly de-
creased as expected, whereas the mGO concentration
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after reduction is decreased by ~32% as compared to
the parent GO dispersion. This decrease in weight is in-
dependent of the original GO concentration and can-
not be explained simply by the decrease in the amount
of oxygen. Second, TGA measurements (Supporting In-
formation Figure S2) clearly show that thermal decom-
position of surface functional groups on GO usually oc-
curs around 453 K in agreement with previous reports.>
However, this decomposition step is insignificant for
mGO. Third, the pH value slightly decreases after reduc-
tion particularly for higher GO concentrations, indica-
tive of the consumption of hydroxide ions OH™ in solu-
tion during the reaction. Therefore, the treatment of
the GO experienced a complicated surface chemical
process which involves a loss of carbon and a possible
redistribution of oxygen-containing groups on GO.
FT-IR results (Supporting Information Figure S1) show
that plenty of C—OH groups still remain after the treat-
ment, which are likely responsible for the colloidal sta-
bility of dispersions of mGO in water.3® Figure 1A out-
lines the solution phase process of chemical
modification of GO and illustrates the possible forma-
tion of defect holes and rearrangement of the surface
group on mGO platelets.

Nanocomposites. It has been reported that a single-
layer GO dispersion can be realized in the concentra-
tion range below 4 mg/mL."”® We have applied atomic
force microscopy (AFM) to examine the mGO platelets
spin-coated on a silicon wafer by using the colloidally
stable mGO dispersion prepared from 1 mg/mL GO so-
lution. The result showed mGO platelets with thickness
of 0.8 to 1.2 nm, which ascertains the single-layer dis-
persion properties of these mGO solutions. While add-
ing CTACI into the mGO dispersion maintains good col-
loidal stability, the addition of TEOS and subsequent
reaction leads to formation of a new product phase. The
denser, darkly colored phase was readily collected by
centrifugation and is representative of our designated
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Figure 3. SEM images of rGO—PMS(0.27) prepared at pH 11.7 recorded in SE mode using the Hitachi HD-2000 STEM operating at 200
kV. (b,c) Expansions of the frame areas in (a) and (b), respectively, and (d) hexagonal array with interpore distance (~5.4 nm) very close
to that from PXRD (2d;0/\/3).
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mGO—PMS(x) nanocomposite product. Figure 2 shows
the PXRD patterns of mGO—PMS(0.27) and the derived
rGO—PMS(0.27) for comparison with the control meso-
porous silica (CMS) samples, the latter of which were
synthesized under the same conditions but without
mGO. The nanocomposites showed diagnostic diffrac-
tion peaks with d spacing around 3.35—5.03 nm. They
are assigned to d;oo PXRD reflections from hexagonally
ordered PMS. The degree of order of the PMS structure
of these nanocomposites is very sensitive to the chosen
pH value, as evidenced by differences in their PXRD pat-
terns. On the one hand, the nanocomposite prepared
at pH 11.7 (Figure 2a,b) showed a greater d,q spacing
(5.03 and 4.73 nm), and the intensity of the 100 peak
was greater after thermal treatment. The contraction of
the dyo0 Spacing caused by thermal treatment is how-
ever very small (0—0.3 nm), indicative of formation of
a rigid mesopore structure. The weak diffraction peak of
the CMS control sample synthesized without mGO (Fig-
ure 2c) demonstrated that the synthesis conditions cho-
sen were not favorable for the growth of a well-formed
PMS structure. The result of the control synthesis indi-
cates that mGO has a distinctive structure-directing im-
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pact on the formation of the PMS. On the other hand,
pH 12.7 is a suitable condition for obtaining a well-
formed PMS in solution (Figure 2f,g). The nanocompos-
ite prepared at pH 12.7 (Figure 2d,e) showed a similar
pattern to the CMS control sample (Figure 2f,g). After
thermal treatment, the intensity of the diffraction peak
was greatly reduced and a dramatic contraction in diqo
spacing (0.8—1.1 nm, 1 nm for CMS) was observed, in-
dicative of an unstable PMS structure.

It is noteworthy that no second-order diffraction
peak was observed in the PXRD patterns of the nano-
composites, suggesting that the PMS does not exhibit
long-range order. While a perfect PMS structure usually
shows a smaller diqo spacing (~4.1 nm), d;qo spacing
(5.03 nm) of mMGO—PMS(0.27) (pH 11.7) is greater even
than that of the reported pristine PMS with poorly or-
dered hexagonal channels (for example, 4.5 nm for the
as-synthesized spherical PMS*). However, the striking
characteristic of this material is that the contraction of
its dyo0 Spacing upon pyrolysis is among the smallest so
far reported (0.3 nm for MCM41,3%3° 0,1—0.3 nm for
PMS on graphite,? 0.3—0.6 nm PMS on mica,’ 0.2—0.5
nm for PMS on air—liquid interface,*® 0.4—0.5 nm for
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Figure 4. Microtome STEM pictures of rGO—PMS(0.27) prepared at pH 11.7, which clearly shows rGO sheets sandwiched by
arrays of vertically aligned mesopores having heights of 20—30 nm.

silicate—surfactant lyotropic crystal*'), indicating that a
well-polymerized rigid PMS structure has been formed
before the removal of the surfactant template.

In the TEM and SEM pictures of rGO—PMS(0.27) (pH
11.7), only platelet morphology was observed and al-
most all of the platelets are covered by a mesopore
structure. As an example, Figure 3a shows an image of
an aggregate of flat platelets with an irregular shape
(maximum width X length: 1.2 pm X 1.2 wm), the ex-
pansion of which clearly displayed that the whole sur-
face of the top platelet was covered in mesopores. The
expanded images on the edge (Figure 3b,c) evidence
the stacking of layers with the surface of the second
(back) layer still covered by mesopores. A high-
resolution image (Figure 3d) confirmed that the meso-
pore structure is an imperfect hexagonal array with an
interpore distance around 5.4 nm, a value very close to
that calculated from the d;q, spacing obtained by PXRD
(2d100/\/3), with pore size around 3—4 nm. As the plate-
let mesoporous structure/morphology unveiled by
these images is quite different from the usual pure
PMS, it is likely that the channels of these mesostruc-
tures are vertically grown off an underlying mGO/rGO
layer. In order to investigate this further, a high-
resolution TEM image was recorded using 20—100 nm
thickness ultramicrotomed samples. As shown in Figure
4, these images strongly suggest the presence of rGO
sheets sandwiched by arrays of vertically aligned meso-
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pores. The presence of a rGO sheet was further con-
firmed by cross-sectional elemental mapping, although
it proved challenging to accurately determine the car-
bon layer thickness in this way (Supporting Information
Figure S3). The height of the mesoporous channels in
the so-formed rGO—PMS(0.27) sandwich can be esti-
mated to be 20—30 nm despite that the cross-sectional
image in the TEM micrographs is unlikely to be exactly
perpendicular to the sheet direction. In sharp contradis-
tinction, Figure 5 depicts TEM images of
rGO—PMS(0.27) (pH 12.7) from which it is not possible
to detect the same vertically aligned mesopore struc-
ture observed in rGO—PMS(0.27) (pH 11.7). What was
observed instead is worm-like mesopore morphology
of the kind usually ascribed to poorly ordered, pristine
mesoporous silica formed either in separate domains or
in association with plate-like aggregates with the meso-
porous structure hardly differentiated. A comparison
of TEM images indicates that the PMS structure in
rGO—PMS(0.27) (pH 12.7) was less influenced by the
carbon surface, but the structure in rGO—PMS(0.27) (pH
11.7) was formed with the mGO platelet as the tem-
plate.*? In addition, the distinct mesopores and chan-
nel walls observed in the TEM images of
rGO—PMS(0.27) suggest that the top and bottom PMS
films on opposite sides of the platelet were in registry
(Supporting Information Figure S4). In other words,
there seems to be little or no offset between the meso-

VOL. 4 = NO.12 = 7437-7450 = 2010 ACSNJANICO)
J

7441



NN
600nm

NEREEEY)

Tl HD-2000 200kV x350k ZC
HD-2000 200kV x50.0k ZC 600nm

Figure 5. STEM pictures of rtGO—PMS(0.27) prepared at pH 12.7, which shows lots of worm-like morphology usually known

for less ordered pure PMS materials, either separated from or loaded on carbon platelets. No clear vertically aligned meso-

pores were observed as in samples prepared at pH 11.7: (a) platelet aggregates, (b) expansion of one portion of the surface
in (a) showing ill-defined parallel channels, (c,d) separated particles and its expansion.

structures above and below the rGO sheet. FFT analy- 11.7) with its remarkable PMS structure exhibits an en-
sis of TEM images supports this observation with an in-  hanced adsorption. Its adsorption isotherm is typical of
terpore distance of approximately 5 nm. type IV,**** showing an inflection in adsorption around

The mesoporosity of the nanocomposites was char-  P/P, = 0.3—0.4. A less abrupt inflection means a wider
acterized further by N, adsorption. Figure 6a shows the  pore size distribution as compared to perfect PMS

N, adsorption isotherms at 77 K on rGO—PMS(0.27) materials.3#4> Although no hysteresis was observed in
and the corresponding CMS materials. In comparison the inflection range of sorption, similar to that found
with CMS (pH 11.6), where an ordered mesoporous with the pristine PMS materials, the adsorption iso-
structure was not well-evolved, rGO—PMS(0.27) (pH therm does show a small hysteresis typical of type H3
1000
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Figure 6. (a) Adsorption isotherms at 77 K on rGO—PMS(0.27) prepared at pH 11.7 (®, O) and 12.7 (A, A) and CMS prepared
at pH 11.7 (W, 0) and 12.7 (®, ©). Filled and unfilled marks are the adsorption and desorption branches, respectively; (b)
pore size distribution from DFT method.
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TABLE 1. Mesopore Parameters

sample ) Sper™? (m?/g)
rGO—PMS(0.27) (pH 11.7) 925 770
1G0—PMS(0.27) (pH 12.7) 760 630
CMS (pH 12.5) 1035 860

Sorr (M¥/g) Vo,orr (ML/g) Doy (nm)
740 0.762 42
560 0.509 3.2
725 0.566 2.9

%From oy, = 0.162 nm?, P/Pq range = 0.05—0.1.% ®From oy, = 0.135 nm?, P/Py range = 0.05—0.1.%

or H4 at P/P, > 0.45, characteristic of an assembly of
plate-like particles.*® In conjunction with the increased
adsorption around P/Py = 1, these phenomena indicate
a porous architecture in which rGO—PMS sandwiched
platelets aggregate together to form secondary meso-
pores and/or macropores and thereby increase the ex-
ternal surface area. On the other hand, the isotherm of
rGO—PMS(0.27) (pH 12.7) showed the mesopore inflec-
tion at a lower P/P, range than that of rtGO—PMS(0.27)
(pH 11.7), indicative of a different pore system. The
shape of its adsorption isotherm is similar to that of
CMS (pH 12.5), but with a reduced amount of adsorp-
tion. The pore size distributions (PSDs) of the samples
were analyzed using the nonlocalized density func-
tional theory (NLDFT) method based on a metastable
spinodal pore condensation model from adsorption
branches.#”*® As expected from the shape of its iso-
therm, rGO—PMS(0.27) (pH 11.7) exhibits a compara-
tively wide PSD (3—5 nm in Figure 6b) with an average
pore width of 4.2 nm. By contrast, rGO—PMS(0.27) (pH
12.7) shows a narrower PSD and a smaller pore width.
The existence of carbon platelets in this sample causes
a slight increase in the mesopore size compared to the
pure CMS (pH 12.5). Table 1 summarizes for all samples
the values of specific surface area, Sger and Sger®, from
the Brunauer—Emmett—Teller (BET) method and spe-
cific surface area, Sper, pore volume, Voper, and average
pore width, Dpgr, from the NLDFT method.*

Synthesis Conditions and Zeta Potential. In order to ex-
plore the mode of formation of these novel -GO—PMS
sandwich nanocomposites, synthesis conditions were
varied and optimized. An investigation of the effect of
a wider range of pH (2—11.7) showed that it is possible
to obtain the PMS structure from pH 7 to 11.7, whereas
the optimum pH range is around 11—12 (Supporting
Information Figure S5a). The PMS structure disappeared
in the range of pH <6 but appeared again at pH 2.0
(the isoelectric point of silica). Control syntheses (using
the same procedures, conditions, and reagent amounts
but without mGO) produced only a clear solution in
the range of pH <10 or pH >13, amorphous powder
precipitated from pH 11, and the PMS structure was
formed around pH 12.5. These results are consistent
with a literature report.>® Thus, mGO sheets play a cru-
cial role in forming the PMS structure in rGO—PMS
nanocomposites at pH <12, in particular, at pH <11.
The poorer PMS structure at pH <11 is caused by the in-
sufficient condensation polymerization of silicate oligo-
mers under less basic conditions unfavorable for the
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deprotonation of surface silanol groups. Examination
of the effect of CTACI and GO content on the synthesis
revealed the existence of optimum values, ranging
around 29—80 mM for CTACI (Supporting Information
Figure S5b) and around 0.27—0.54 mg/mL for GO (Sup-
porting Information Figure S5c¢), which indirectly shows
the importance of the interaction between CTACI mol-
ecules and mGO layers on the formation of the PMS
structure. Higher amount of TEOS tends to form a
poorer quality PMS structure as these conditions favor
the formation of amorphous silica phase at pH <11.7
(Supporting Information Figure S5d). A lower reaction
temperature proves to be unfavorable for the formation
of a better PMS structure because of a low polymeriza-
tion reaction rate of silicate oligomers (Supporting In-
formation Figure S5e).

Zeta potential measurements were carried out in or-
der to investigate the interaction between CTACI mol-
ecules and mGO layers. As shown in Figure 7A, single
layers of mGO showed a negative zeta potential (—37
to —40 mV) in the range of pH 5—12, consistent with
the formation of a stable negatively charged colloidal
dispersion. The colloidally stable range of mGO is
slightly wider than that of the parent GO. Increasing
pH >10 slightly increased the zeta potential, indicat-
ing that there exists some surface groups which pos-
sess a high pK, value and that can dissociate at higher
pH. A further increase in pH >12 destabilized the mGO
dispersion, and a sudden decrease in zeta potential at
pH >13 was accompanied by the formation of precipi-
tates in the solution. When CTACI is added into the
mGO dispersion, a stable colloidal dispersion is still
formed but surprisingly now exhibits a large positive
zeta potential (Figure 7B, shown in the range of pH
9—13). Since the zeta potential of pure CTACI solution
is negligible in the same range (Figure 7A), the negative
to positive charge inversion of the zeta potential is
clear evidence of the adsorption of CTACI aggregates
on the surface of mGO, and which are responsible for
the colloidal stability of the single layers of mGO in so-
lution. The notable increase in zeta potential at higher
temperature is attributable to the increase in the ad-
sorption of CTACI via a chemical process such as ion ex-
change. As shown in Figure 7C, an increase in CTACI
concentration leads to an increase in zeta potential by
increasing CTA* adsorption, reaching saturation around
20—100 mM. The decrease in zeta potential beyond
100 mM and at pH >12 (at 348 K) can be attributed to
the decrease in CTACI adsorption on mGO layers due to
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Figure 7. Zeta potential dependence of pH (A,B) and CTACI concentration (C). (A) ®, GO; O, mGO; <, and 298 K; ¢, 348 K
are for pure 57 mM CTACI solution; (B) T, 298 K; B, 348 K for mGO + 57 mM CTACI; (C) O, 298 K; @, 348 K for mGO + CTACI
while maintaining pH 11.7 for each solution; A, 298 K; A, 348 K are for pure CTACI solution with pH 11.7.

either the “salting-out” effect which destabilizes the col-
loidal solution or the increased opportunity of CTACI
molecules to form cylinder micelles in the bulk solu-
tion.”!

Functionality. Figure 8a shows the electrical conduc-
tivity of rtGO—PMS(x) as a function of their carbon con-
tent. It is interesting that, in sharp contrast with the in-
sulating property of the usual pure silica, these
composites with PMS sandwiched rGO structure al-
ready showed a noticeable electrical conductivity at
carbon content less than 5 wt %. The electrical conduc-
tivity increases from 0.04 to 4 S- m~! when x increases
from 0.027 to 4 mg/mL by which the carbon content
goes up from 2.5 to 23 wt %. The values of 0.04—4
S-m~" are much smaller than those of pure rGO mate-
rials (~2400 S-m~")'8 but in the range typical of a semi-
conductor. This property is thus specific for the struc-
ture with the carbon component in the composites
determining and improving the electrical conductivity.
As discussed in the above sections, rGO layers are cov-
ered by the insulating PMS materials at both sides in
rGO—PMS(0.27) synthesized at an optimum condition.
It is likely that percolation occurs in the compacted pel-
let by connection of rGO layer edges of the closely con-
tacted composite particles, which effects electron/hole
transportation through the particles. The steep jump in
electrical conductivity after x = 2 possibly reflects the
stacking of more than one rGO layer in these compos-
ites containing greater carbon content (over 15 wt %)

) VOL. 4 = NO.12 = WANG ET AL.

but poorer quality PMS structure (Figure S5c¢), which
greatly increases the number of pathways for electrical
conduction.

Figure 8b shows the adsorption isotherms of water
and hexane at 303 K on rGO—PMS(0.27). Here the ordi-
nate is expressed by the fractional ratio of pore filling
which is defined as the hexane or water adsorption vol-
ume, V, divided by the pore volume, V,(N,), from N, ad-
sorption (Table 1). The V/V,(N,) ratios are close to unity
around P/P, = 1 for the two vapors, in agreement with
the Gurvich rule,” indicating that the vapors are filled in
mesopores by capillary condensation. The greater in-
crease in pore filling of hexane as compared to water
in the low P/P, range implies the hydrophobic property
of the internal pore surface consisting of rGO layers
and the surrounding cylindrical pores which contain a
little carbon arising from the inert gas atmosphere used
for template removal by sample pyrolysis. The greater
low pressure hysteresis of water adsorption is indicative
of formation of polar sites in the cylindrical pore walls
which can induce dissociative adsorption of water. In
parallel with the adsorption properties, the relative re-
sistivity of ~GO—PMS(0.27) dramatically decreases upon
hexane adsorption and remains almost unchanged
when hexane adsorption is saturated (Figure 8c). The
smaller change of R/R, in the low P/P, range upon wa-
ter adsorption is attributed to the small amount of wa-
ter adsorption. In contrast, rtGO—PMS(4) with a poor
PMS structure and the pristine rGO films showed insig-
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Figure 8. (a) Electrical conductivity of rGO—PMS(x) as a function of carbon content, (b) hexane (B, 0) and H,O (®, O) ad-
sorption isotherms on rGO—PMS(0.27) at 303 K where filled and unfilled marks are the adsorption and desorption branches,
respectively, (c) change of relative resistance of rGO—PMS(0.27) (® with O representing the desorption process),
rGO—PMS(4) (A), and rGO film (M) exposed to hexane and that of rGO—PMS(0.27) exposed to H,0 (<) at room tempera-

ture and different relative vapor pressure.

nificant change in R/R, upon vapor exposure despite a
much better electrical conductivity (the measured sheet
resistance for rGO film is ~1 k() per square). Therefore,
the pronounced response of resistivity upon vapor ex-
posure is considered to be a unique property of the
rGO—PMS sandwich nanocomposite structure. The
concentration of adsorbates in the vertically aligned
mesopores and the direct contact of adsorbates with
the semiconductive rGO bottom are the two most im-
portant factors responsible for the sensitive resistivity
change observed. Since the changes in R/R, are repro-
ducible, the observed behavior portends a promising
opportunity for these rGO—PMS sandwich nanocom-
posites as effective sensors with molecule tunable se-
lectivity with respect to both size and polarity.

Mode of Formation. It has been established that CTACI
surfactants form hemispherical or spherical cylindrical
micelles on atomically flat surfaces such as hydropho-
bic graphite or hydrophilic mica, respectively, under di-
lute CTACI concentration conditions.” These cylindri-
cal micelles are found oriented parallel to the graphite
and mica surfaces and moreover register with the un-
derlying three-fold axes of the hexagonal symmetry lat-
tices, termed meso-epitaxy. In earlier work, it proved
possible to grow oriented hexagonal symmetry PMS
film on graphite and mica, as well as free-standing PMS
film at the water—air interface.”>*° In the case of single-
layer GO depending on the state of reduction, it is ex-
pected that surface charge, geometrical curvature, sur-
face functional groups, surface polarity surface
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inhomogeneity, surface image charges in nanoscale
aromatic domains, and double-sided surface coopera-
tive effects may all influence the mode of formation of
the graphene oxide—PMS sandwich structure, and the
high stability of the mGO dispersion (Figure 7A) is a
strong indicator that the surface chemistry of the mGO
layer plays a major role in directing mGO/rGO—PMS
structure formation.

Zeta potential results showed that single layers of
mGO in solution are negatively charged under PMS syn-
thesis conditions exposed to a highly basic environ-
ment. Thus, CTA* cations can be strongly adsorbed on
mGO layers through an ion-exchange reaction, which
then initialize the formation of micelle assemblies,
namely, admicelles of the kind depicted in Figure 9a.
These admicelles adhere to the mGO surface, thereby
reversing the layer charge from negative to positive and
stabilizing the mGO single layers in solution. The pre-
cise structure of the so-formed micelle aggregates on
the surface of mGO is not clear; however, it is reason-
able to expect the existence of spherical admicelles be-
cause the inhomogeneous distribution of surface
groups and surface curvature of mGO resemble to some
extent the rough and polar surface of amorphous silica
on which spherical micelles have been reported.’?*3 The
aforementioned surface complexity of mGO may not
be conducive to the formation of well-ordered hexago-
nal arrays of cylindrical micelles oriented parallel to the
surface of the kind observed on the perfectly flat sur-
face of mica.! Figure 9a also illustrates the trimethyl-
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Figure 9. (a) Schematic representations of a CTACI headgroup (left) and an admicelle (right) on a mGO surface and (b) pro-

posed mode of formation of rGO—PMS.

ammonium headgroup of the cationic CTA* surfactant
relative to carbon rings on the surface of an mGO layer.
Using a model of the hexagonal polyaromatic graphene
lattice and assuming that mGO has a similar surface
charge density to the parent GO (3—5 meq/qg) as evi-
denced by zeta potential results, one reaches the con-
clusion that one CTA" headgroup (0.37—0.47 nm in size
from a molecular model) covers ~3 carbon rings and
4—7 carbon rings (lateral size 1—1.7 nm) contain one
surface charge on average.> This model pictures a very
high surface charge density, which leads to the close
proximity of admicelles and, possibly, the formation of
quasi-hexagonally close-packed admicelles on the sur-
face of mGO at the optimum pH, CTACI concentration,
and temperature conditions (Figure 7).

When TEOS molecules are added into the CTA*
preadsorbed mGO solution, they are rapidly hydro-
lyzed under the basic synthesis conditions to form mon-
omeric, dimeric, and/or oligomerized negatively
charged silicate species. These silicate species can (i)
either be polymerized to large amorphous silica par-
ticles (species a) or (ii) bind to the positively charged
CTA™ headgroup in the bulk solution and form a PMS
structure (species b) through the silicatropic co-
assembly mechanism®%% or (jii) bind to the admicelles
near the surface of mGO (species c). Although it has
been reported that pH 11—12 is appropriate to form
hexagonal symmetry PMS,> the control synthesis re-
sults showed that the lower silica to surfactant ratio
used in this study did not support sufficient polymeriza-
tion of silicate species and the growth of PMS in solu-
tion. The formation of species a is also disfavored at a
smaller silica to surfactant ratio. Since the CTA™ admi-
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celles are highly charged, species c can be formed pref-
erentially compared to species a and b, and as a result,
silicate species quickly gather around admicelles in
close proximity to mGO layers, (1) in Figure 9b. As the
admicelles are close to one another, further polymeriza-
tion of silicate leads to linkage of neighboring admi-
celles on the mGO surface. Considering the surface in-
homogeneity of mGO, this process possibly involves
surface diffusion and silicate polymerization among ad-
micelles, (2) of Figure 9b. The act of co-assembling
CTA™ with the silicate species and their subsequent po-
lymerization may induce a structural transformation of
spherical admicelles to cylindrical ones growing normal
to the surface of mGO,® (3) of Figure 9b. In other words,
growth of the vertically aligned channels of the PMS
film on the surface of mGO could be triggered by the
formation of close-packed admicelles or silicatropic ad-
micelles. The formation of a well-polymerized and rigid
PMS structure on both surfaces of mGO platelets before
removal of CTACI can account for the negligible con-
traction in diqo Spacing after thermal post-treatment, (4)
of Figure 9b. This model for the mode of formation pre-
dicts that PMS with channels oriented vertically with re-
spect to an mGO thin film can be synthesized under
similar conditions. Our results of preliminary experi-
ments on the growth of PMS on mGO thin films con-
firmed this prediction. Further experiments of this
genre are ongoing in our laboratory.

CONCLUSIONS

Mild reduction of single-layer GO in basic solution
maintains a stable colloidal dispersion in which the
oxygen-containing groups and the structure of carbon
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were modified. This modification process involves loss
of carbon and consumption of hydroxide in solution for
the reaction. The modified GO serves as a novel tem-
plate for the self-assembly and growth of PMS films on
both sides of the GO, forming the first example of a
sandwich reduced graphene oxide —periodic mesopo-
rous silica nanocomposite in which the channels are ori-
ented perpendicularly to the surface of rGO platelets.
The unexpected vertical mesopore alignment of the
PMS film on the GO/rGO was established by a com-
bination of PXRD, SEM/TEM, and N, adsorption tech-
niques. The formation of the nanocomposite is very
sensitive to pH and influenced by the CTACI/mGO
concentrations, the amount of TEOS, and synthesis
temperature. The results of zeta potential measure-
ments reveal the charge inversion of zeta potential
when CTACl is added in mGO solution, indicating the
preadsorption of CTACI and admicelle assembly on
the surface of mGO. A tentative admicelle-initiated

EXPERIMENTAL METHODS

GO and Modification. GO was prepared from natural graphite
by the Hummer—Offeman’s method.”” The chemical composi-
tion was found to be CgO,43Ho7 as determined by elemental
analysis (obtained by subtracting the H,0 content determined
by thermal gravimetric analysis, TGA). Acid—base titration using
diluted alkaline solutions of GO (containing sodium chloride as
charge balancing electrolyte) usually gave a very high cation ex-
change capacity, in the range of 3—5 meq/g for GO, depending
on preparation methods and batches.>®52

For the synthesis of modified GO dubbed mGO, powders of
GO were first immersed in a diluted NaOH solution (0.014—0.05
M) in a polypropylene (PP) bottle to form a mixture (GO content:
0.27—2.0 mg/mL, pH 11.8—12.8). After sonication for 1 h, the
mixture became a stable colloidal dispersion with the expected
brown color and was then heated in an oil bath at 353 K for 12 h.
The PP bottle was tightly sealed during the sonication and ther-
mal treatment so that the solvent did not evaporate and the to-
tal volume of the dispersion remained the same. After the ther-
mal treatment, the dispersion became dark gray with a mild
brownish tinge and remained a colloidally stable dispersion for
months.

To determine the content of mGO in solution, several drop-
lets of HCI (1/10) solution were added to a fixed quantity of the
dispersion to precipitate mGO. The mGO aggregates were col-
lected by filtration, thoroughly washed with distilled water to pH
6—7, and dried in vacuum at 333 K before weighing. The dry
mGO powders were kept under nitrogen for elemental analysis.

Nanocomposite Synthesis. Cetyltrimethylammonium chloride
(CTACI, 25 wt % aqueous solution) and tetraethoxysilane (TEOS,
reagent grade 98%) were purchased from Aldrich. Sodium
hydroxide (Pellets Pastilles) was purchased from ACP Chemicals
Inc. A typical synthesis of GO—PMS nanocomposite was carried
out as follows. CTACI (0.102 mol) was first added into an mGO
dispersion (100 mol H,0, initial GO content: 0.027—4 mg/mL).
The mGO dispersion can be prepared directly or by diluting a
concentrated mGO dispersion with distilled water. The pH of the
dispersion was adjusted by adding several droplets of NaOH so-
lution (1 M) or HCl solution (1/10), and the mixture was magneti-
cally stirred in room temperature (RT) and further at 353 K for
80 min. After the dispersion was cooled to RT, TEOS (0.128 mol)
was dropwise delivered into the solution. The resulting mixture
was heated at 353 K for 24 h, and the precipitate was collected by
centrifugation and aged at RT overnight and at 353 K for 24 h.
Throughout the experiment, the PP container bottle was tightly
sealed except when reagents were added. The as-synthesized
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growth model is proposed to rationalize the experi-
mental observations. It is considered essential that
CTACI admicelles are strongly attached to the sur-
face of GO and are in close proximity in order to di-
rect the assembly of a PMS coating with a vertically
aligned channel structure with respect to the GO sur-
face. The nanocomposites showed semiconductive
behavior with electrical conductivity sensitively re-
sponding to analyte vapor pressure. The new nano-
composites unraveled in this study bode well for
many different kinds of basic and applied research
opportunities that take advantage of the synergistic
integration of GO and PMS into reduced graphene
oxide—PMS sandwich structures, such as sensing
with molecule tunable selectivity, patterning
through self-assembly, electrically stimulated drug
delivery, mesochannel membrane for electrochemi-
cal growth of short metal nanorods and barcode
metal nanorods.

dry powders (denoted by mGO—PMS(x) where x is for the initial
GO content) were thermally treated under N, atmosphere at 773
K for 3 h (ramp rate 1 K/min) to give the nanocomposite contain-
ing further reduced graphene oxide (rGO) layers. This nanocom-
posite (denoted by rGO—PMS(x)) has a dark color, reflective of
the carbonization of mGO layers during the thermal pyrolysis.
The pH after CTACI addition, the CTACI concentration, the
amount of TEOS, the mGO concentration, and the reaction tem-
perature were varied. Other conditions were not changed when
varying one of these conditions except when otherwise
mentioned.

Characterization. Powder X-ray diffraction (PXRD) patterns were
collected on an automated Bruker/Siemens AXS D5000 diffracto-
mter with a 6/20 Bragg—Brentano reflection geometry with
fixed slits. The system is equipped with a high power line focus
Cu Ka source operating at 50 kV and 35 mA. A solid-state Si/Li
Kevex detector was used for removal of unwanted K lines. A
step scan mode was used for data acquisition, and the scanning
range was set up within the interval of 26 = 0.8—5.0° with step
size of 0.02° and counting time of 3.0 s per step. Slits were set up
appropriately according to the scanned range in order to en-
sure maximum peak-to-noise ratio.

Scanning and transmission electron microscopy (SEM and
TEM) was carried out on both a Hitachi S-5200 SEM equipped
with a TE detector, operating at 30 kV and a Hitachi HD-2000
dedicated STEM equipped with a SE detector operating at 200
kV. Samples embedded in Epon epoxy resin were microtomed to
thin sections of about 20—100 nm.

UV —vis spectra were collected on a Varian CARY 100 BIO
UV —vis spectrophotometer. GO dispersion in NaOH (0.05M)
and mGO dispersion thereafter prepared were diluted with dis-
tilled water to an appropriate absorbance range, and their nor-
malized spectra were compared.

FT-IR spectra were measured on a Perkin-Elmer spectrom-
eter. Solvent dispersions or water slurries of samples were drop-
casted onto nondoped Si wafers, and the measurements were
carried out in the 400—4000 cm ™' range with a resolution of 4
cm™'. A nondoped Si wafer was used as the background.

Raman spectra were recorded on a Horiba Jobin Yvon
LabRam Raman microscope with a 532 nm excitation source
and a 100X (0.8 NA) microscope objective at resolution of 2
cm™'. Drop-casted sample films on nondoped Si wafers were
used for the measurement.

N, adsorption was carried out at 77 K by a Quantachrome
Autosorp-1 volumetric apparatus. Hexane and water adsorption
were carried out at 303 K using a Japan Bell Co. volumetric appa-
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ratus. Samples were pre-evacuated sufficiently at RT and further
at 393 K for 3 h before adsorption.

Zeta potentials were measured on a Malvern Zetasizer 3000
HAS instrument at both 298 and 348 K. Dispersions of GO (1 mg/
mL) and mGO (from 1 mg/mL GO solution) were diluted by 40-
fold into the appropriate concentration range for the measure-
ment by using aqueous NaOH solution or pure distilled water.
The pH of the diluted solution was further adjusted by droplets
of NaOH solution (0.05 M) or HCl solution (1/20). No difference in
zeta potential was observed for mGO dispersions from different
original concentration but at the same dilution level (1/40). For
the mGO and CTACI mixture solution, the solution was prepared
in such a way that either the concentrations of mGO (1/40 dilu-
tion) and CTACI (57 mM (1.76 wt %)) were maintained while only
pH was changed from 9 to 13 or the pH value and mGO concen-
tration were maintained while the CTACI concentration was
changed from 1.12 mM (0.036 wt %) to 992 mM (24 wt %). The
difference in concentration upon pH adjustment was negligible
except for the pH 13 one in which the CTACI concentration was
reduced to 52 mM.

Thermal gravimetric analysis (TGA) was measured on a TA In-
struments SDT Q600 under N, atmosphere (200—250 mL/min)
at a ramp rate of 1 K/min. An a-Al,05 pan was used as the
reference.

Elemental analysis was carried out by a PerkinElmer 2400 Se-
ries Il CHNS analyzer. The electrical conductivity of the compos-
ites was measured by the four-probe method after pressing the
sample powders to a rectanglar pellet with a density of 1.2—1.5
g mL~". The sensing properties of the composites were exam-
ined at room temperature (295—298 K) with a homemade setup
which allows introduction and evacuation of analyte vapor and
real-time analyzing of vapor pressure and electrical conductivity.
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