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Abstract: Single-layered two-dimensional (2D) ultrathin mes-
oporous polymer/carbon films are grown by self-assembly of
monomicelles at the interfaces of various substrates, which is
a general and common modification strategy. These unconven-
tional 2D mesoporous films possess only a single layer of
mesopores, while the size of the thin films can grow up to inch
size in the plane. Free-standing transparent mesoporous
carbon ultrathin films, together with the ordered mesoporous
structure on the substrates of different compositions (e.g. metal
oxides, carbon) and morphologies (e.g. nanocubes, nanodiscs,
flexible and patterned substrates) have been obtained. This
strategy not only affords controllable hierarchical porous
nanostructures, but also appends the easily modified and
multifunctional properties of carbon to the primary substrate.
By using this method, we have fabricated Fe,Oz;-mesoporous
carbon photoelectrochemical biosensors, which show excellent
sensitivity and selectivity for glutathione.

M ethods for constructing mesoscale subunits into 2D
mesoporous frameworks remain in their infancy.' Meso-
porous materials organize molecular components into peri-
odic networks linked by covalent bonds, providing predict-
able structures with long-range order.”” These materials
show many desirable properties, including outstanding ther-
mal stability, permanent porosity with a high surface area, and
a tunable large pore size.'"'¥ However, the unconfined self-
assembly in the 3D space of the surfactants and mesoporous
frameworks that are inherently cross-linked and insoluble,
often results in bulk powders with 3D mesostructures.? 3%l

The unavailability of 2D structures of these mesoporous
materials limits their functions and applications, such as
incorporation of m electron systems into ordered structures
that are potentially ideal for optoelectronic devices.> 2%
The development of facile and versatile strategies for thin-
film and particle engineering is of immense scientific inter-
est.?? The existing method toolbox for functional modifi-
cation of material surfaces includes self-assembled monolayer
(SAM) formation, silane functionalization, layer-by-layer
assembly, and genetically engineered surface-binding pep-
tides.”** Although widely implemented in research, these
methods have limitations for widespread practical uses. In
particular, the surface modification of periodic supermolec-
ular thin films with complicated structures is still a great
challenge. Until recently, the surface coating of 2D covalent
organic frameworks (COFs)®*"! has been reported. Nonethe-
less, the assembly of 2D mesoporous polymer/carbon thin
films on the surface is highly difficult to be realized.**
Moreover, none of feasible methods has been developed yet
to realize the conformal coating of mesostructures on the
substrates of different composition, size, shape, and structure.
In this work, we demonstrate a new surfactant-assisted
hydrothermal approach for supermolecular self-assembly at
the interface to grow 2D mesoporous carbon/polymer ultra-
thin films on various substrates. The 2D ultrathin films have
only a single layer of mesopores (with a thickness of about
1 nm), while the size of the films can grow up to inch size on
a plane. This strategy offers a general route for self-assembly
of monomicelles at the interface of various kinds of substrates
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Scheme 1. Interfacial self-assembly process of monomicelles to form
single-layer mesoporous polymer/carbon thin films on various sub-
strates.

with different morphologies and compositions (Scheme 1),
such as nanocubes, nanodiscs, nanowires, nanorods, flexible
surfaces, and patterned substrates by hydrothermal treat-

ment. Furthermore, after peeled off from the substrates, free-
standing 2D mesoporous ultrathin films can be formed. This
strategy of single-layered mesoporous polymer/carbon sur-
face growth not only enables constructing controllable porous
hierarchical nanostructures, but also append the easily
modified and multifunctional properties of carbon to the
primary substrate, and thus may potentially serve as ideal
candidates in a variety of applications. As a proof-of-concept,
by using this method we have modified the surface properties
of the optoelectronic devices by single-layer mesoporous
carbon coating to fabricate efficient and sensitive photo-
electrochemical biosensors.*">?

Single-layered 2D mesoporous polymer/carbon ultrathin
films have been grown by supermolecular self-assembly of
monomicelles at the interfaces of substrates under hydro-
thermal conditions (about 130°C). Silicon wafers coated with
a 50 nm thick layer of Al,O; are employed as the substrate
and surfactant monomicelles are employed as building blocks
to assemble into ordered mesostructures at the interface (see
the Experimental Section). 2D mesoporous polymer ultrathin
films with an area from 1x 1 cm® to one-quarter of a 3-inch
silicon wafer have been grown on the substrates, indicating
the possibility of continuous growth of large-size 2D meso-
structures. After growing mesoporous nanostructures, the
wafers still exhibit polished mirror-like surfaces, suggesting
the ultrathin and homogeneous nature of the mesoporous
carbon (Figure 1a). In addition to homogeneous planar
surface, the single layer of mesostructures has been grown

Figure 1. Interfacial self-assembly process of monomicelles to form a single-layer mesoporous carbon thin film on a silicon wafer. a) Optical
images of the large-scale mesostructures grown on silicon wafer surfaces. b) HR-SEM images of the ordered mesoporous carbon structures on
a surface. ¢) AFM topography images of single-layer monomicellar carbon mesostructures on a silicon wafer. d,e) Optical images and f,g) SEM
images of single-layer mesoporous carbon ultrathin films on the patterned silicon wafer, showing the square array-like patterned surface of the
wafer. h) HR-SEM images of the ordered mesoporous structures on patterned surface.
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on lithographically defined areas of patterned square arrays
(see the Experiment Section), resulting in single-layered
mesostructured carbon squares (10 x 10 um?; Figure 1d-h).
High-resolution scanning electron microscopy (HRSEM)
images of the inch-scale plane show that before growth, the
substrates do not have any features of mesopores (Fig-
ure Sla). After the growth of the single carbon layers, the
patterned substrates display uniform mesopores with a size of
about 9nm and high orientation, indicating the ordered
mesostructures of the carbon ultrathin films (Figure 1b and
Figure S1b). The periodic mesostructures are also displayed
in AFM topography images (Figure 1c¢ and Figure S2). The
dark area with a low elevation represents the mesopores,
while the light area with a high elevation represents the
carbon pore walls (Figure S2a). The existence of ordered
mesostructures leads to the oriented alternation of dark and
light areas, which are also shown by the depth shifts in the
depth profile (Figure S2b).

The single layer of the 2D mesoporous carbon ultrathin
films can be further peeled off from the silicon wafer and
transferred to other substrates by a stamp transfer method
(see the Experiment Section). Free-standing 2D mesoporous
carbon ultrathin films are formed after the transfer (Fig-
ure 2a), which exhibit unique properties compared to bulk
3D mesoporous materials. Normally, mesoporous carbon
materials are excellent light absorber and thus always black
in color. However, these unconventional ultrathin mesopo-
rous carbon films are transparent, which allows for observing
items or landscapes through the films (Figure 2b,c). The
transmittance of this single-layer material is detected to be
over 85% in the visible light wavelength (Figure 2d), com-
parable to ultrathin graphene materials. Due to the different
refractivity of the thin film and the water/air interface, the
transparent single-layered mesoporous carbon ultrathin films
can be directly observed by naked eyes. The thickness of the
mesoporous carbon films measured from the AFM technique
is about 1nm (Figure 2e), far smaller than the size of
mesophase micelles, indicating that the ultrathin film is
composed of a single layer of the mesoporous nanostructures.

The 2D mesoporous carbon ultrathin films can also be
transferred onto a copper grid by the stamp transfer method
(Figure 2 f,g). From some cracked parts, the ultrathin nano-
structures are observed, further confirming the single-layered
2D structures (Figure 2 f,g). The thin films clearly display
ordered mesostructures with uniform pore morphology filling
in the whole domain size of the film. The average pore size is
measured to be about 9 nm (Figure 2h,i). No overlay of
mesopores is observed in the ultrathin film, suggesting that
these mesopores are closely packed on a single-layer plane.
The distorted six-membered carbon rings arranged by carbon
atoms can be seen in the high-resolution TEM (HRTEM)
images, indicating the graphite nature of this thin carbon film
(Figure S3).

The monomicelle interface self-assembly strategy has also
been employed for flexible substrates. Reduced graphene
oxide (rGO), is used as the initial substrate. After the surface
coating, the materials maintain the morphology of 2D layered
nanosheets of rGO in a large scale (Figure S4a), while the
thickness is increased slightly compared to the initial rtGO
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Figure 2. a) Optical images of the free-standing ultrathin film for 2D
mesoporous single layer floating on the water phase after it is peeled
off from the substrate. b,c) Optical images of the 2D mesoporous
ultrathin film adhered to a cuvette. Graphs or landscapes could be
clearly watched through the ultrathin film. d) The transmittance curves
of the free-standing mesoporous carbon ultrathin film. e) AFM images
of the ultrathin film, and the height of it. f) SEM (scale bar=10 um)
and g) TEM (scale bar=10 pm) images of the 2D single-layer meso-
porous carbon ultrathin films transferred onto the copper grid. h) TEM
(scale bar=200 nm) and i) STEM (scale bar=100 nm) images of the
large-domain-sized ordered mesostructures on the ultrathin film.

substrate (Figure S4b). The highly ordered mesopores are
clearly observed on the surface of the whole layered rGO
nanosheets (Figure 4a,b), indicating the successful monomi-
celle interface self-assembly on rGO. Both faces of the 2D
rGO are grown with 2D single-layered mesostructure, result-
ing in a sandwich-like 2D ultrathin film. TEM images
demonstrate a 2D ultrathin film-like morphology of rGO
coated with mesostructures in micrometer scale (Fig-
ure S4c,d). The ordered mesostructures filling in the whole
domain size of the rGO are observed, with the average pore
size of about 9 nm (Figure S4d). The sandwich-like morphol-
ogy can be observed on the edge of the rGO in the TEM
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Figure 3. a) SEM (scale bar=100 nm) and b) TEM (scale bar=>50 nm)
and c) HR-TEM (scale bar=5 nm) images of the FEOOH nanoellipsoid
surface modified with single-layer mesoporous carbonaceous nano-
structures. d) SEM (scale bar=100 nm) and e) TEM (scale

bar=100 nm) and f) HR-TEM (scale bar=5 nm) images of Cu,0
nanocubes modified with a single-layer mesoporous ultrathin nano-
structure by using an interfacial self-assembly process of monomi-
celles.

images. The dark slice is the section of the rGO, while two
sides along the section is the profile of mesopores.

This interfacial self-assembly method of monomicelles has
further been used to realize the surface growth of nanosized
materials with different morphologies. After surface modifi-
cation, the ellipsoid FeOOH nanoparticles (about 500 nm in
length, 100 nm in width, Figure S5) clearly exhibit ordered
mesopores on the surface with a pore size of about 9 nm
(Figure 3a). TEM images reveal that the nanostructures of
the ellipsoids are similar to the core—shell structure, where
a tiny layer of 1-3 nm is grown on the FeOOH nanoparticles
(Figure 3b and Figure S6). The outside layer has a hackled
shape, where the concave parts represent the mesopore, and
the convex parts are for the pore wall (Figure 3b,c the white
arrows). The outside layer shows the profiles of the single
layer of the mesopores. Controlled growth of single-layer
mesopores modified on a nanoellipsoid surface is shown for
the first time. In addition, the growth of mesoporous single
layer has further been shown on the surface of cubic-like
Cu,O (Figure 3d-f), disc-like Ni(OH), (Figure S7a—c), 1D
nanowires with several micrometers in length (Figure S8),
and nanoparticles with a diameter smaller than 50 nm (Fig-
ure S9). The mechanism of the formation of mesoporous
monolayer thin films is proposed as the controlled assembly
of monomicelles and a heterogeneous nucleation process on
the substrate surface. The monomicelles are rich in phenolic
hydroxy groups, which lead to the strong interaction between
the composite monomicelles and the substrate surface.

Our synthetic strategy also enables insitu interfacial
modification of nanorod array devices. The Fe,O; nanorod
array is selected as a proof-of-concept because of its attractive
light absorption property for photoelectrochemical catalysis.
Initially, the surface of the Fe,O; nanorods (about 1 ym in
length, 200 nm in width) is smooth (Figure S10a,b). After the
carbon ultrathin film growth, a single layer of ordered
mesopores with a pore size of about 9nm is found to
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Figure 4. a) Photocurrent versus time plot of the Fe203-single-layered
mesoporous carbon-hemin nanorod biosensor for the addition of
GSH at 0V versus Ag/AgCl under sun light illumination. Each arrow
indicates the addition of GSH into PBS buffer, with a final GSH
concentration increase of 1.6 um (about 1 mm each time). b) Sum-
mary of the sensing signal versus GSH concentration. c) Photocurrent
versus time plot on the Fe203-single-layered mesoporous carbon—
hemin nanorod biosensor for continuous addition of GSH (with a final
concentration increase of 50 pm at a time), and other interference
molecules (with a final concentration increase of 50 um each time),
designated by the arrows. d) Summary of the photocurrent alteration
of the Fe203-single-layered mesoporous carbon-hemin nanorod bio-
sensors at the appearance of the GSH analogs. The sizes of the active
sensor area for (a—d) are approximately 0.02-0.06 cm2.

uniformly cover the whole surface of each Fe,O; nanorod
(Figure S10c,d). TEM images also show the core—shell nano-
structures of the nanorods. The outside layer shows the
hackled shape of the single mesopore layers (Figure S10e,f),
further demonstrating the successful growth of mesostruc-
tured monomicelles. The single layer of ordered mesoporous
carbon is highly conductive for enhancing the charge trans-
port of Fe,O; and remains transparent and thus does not
affect the penetration and adsorption of solar light. The
photocurrent density at 0 V versus Ag/AgCl for the surface-
modified Fe,O;-mesoporous carbon nanorods is about
0.5 mA cm %, which is 1.5 times higher than that for pristine
Fe,O; nanorod arrays (ca. 0.35 mA cm2; Figure S10gh).

After grafted with hemin on the Fe,O;-single layered
mesoporous carbon nanorods, the device is found to be an
excellent glutathione (GSH) sensor. GSH is a significant
thiolated tripeptide and endogenous antioxidant that is
ubiquitous in the intracellular environment.”™ The hemin
molecules modified on the surface can specifically combine
with GSH, which is used as the electron donor to the
photogenerated holes of the excited state of hemin.

The GSH level in an electrolyte can be tested as the
photoelectrochemical cell (PEC) sensing signal by a time-
dependent photocurrent measurement. By continuous addi-
tions of GSH at intervals where the concentration gradually
increases, the Fe,O;-single-layered mesoporous carbon—
hemin nanorod electrode reaches equilibrium within tens of
seconds (Figure 4a). The conductance change with different
GSH concentrations demonstrates a linear range of 1.6—
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500 um (Figure 4b). In comparison, the addition of different
amino acids or common chemical/biological interferences
only gives rise to a much smaller or negligible photocurrent
change (Figure 4c). The sensing activity is comparable with
previous work,® even different photoelectrochemical sensor
materials were used. More importantly, the sensing activity is
notably improved after the growth of the single-layered
mesoporous carbon film. The selectivity of the Fe,O;-single-
layered mesoporous carbon-hemin nanorod-based PEC
sensor is further interrogated by measuring the responses
from various analogs or interferences, including bovine serum
albumin (BSA), cysteine (Cys), dopamine, aspartic acid
(ASP), glucose, and GSSG concentrations of 50 um. All
these interference solutions show a much smaller or negligible
signal compared to the GSH solution with similar concen-
trations (Figure 4d), indicating the high selectivity.

In conclusion, we have demonstrated an interfacial self-
assembly method of monomicelles under hydrothermal con-
ditions to grow ultrathin single-layered 2D mesoporous
polymer and carbon films. This method is a general modifi-
cation strategy for a large variety of substrate surfaces, and
can be used to synthesize thin films from inch size to
nanometer scale and on different surface compositions (e.g.
metal oxides, carbon) and morphologies, including nano-
cubes, nanodiscs, nanowires, nanorods, flexible surfaces and
on patterned substrates. After peeling off from the substrate
of silicon wafer, a free-standing transparent mesoporous
carbon ultrathin film can be obtained. This monolayered
ultrathin film with the thickness of about 1nm is only
composed of one single layer of about 9 nm mesopores and
transparent in visible light wavelength. By using this general
interfacial self-assembly method of monomicelles, an Fe,O5-
mesoporous carbon photoelectrochemical biosensor is
obtained, showing excellent GSH sensing activity and selec-
tivity. Attributed to their highly ordered mesostructures,
transparent properties, and excellent electrical conductivity,
these 2D mesoporous carbon ultrathin films may be further
explored and find unconventional applications in both renew-
able energy and life sciences.

Keywords: biosensors - carbon - mesoporous materials -
nanomaterials - thin films
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