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ABSTRACT: A mesoporous silica film (MSF, 20 X 20 mm in size) with 3D accessible
mesopores (Fmmm symmetry) was synthesized on a current collector substrate, and then the
entire pore surface was coated with an extremely thin carbon layer. The resulting carbon-
coated mesoporous silica film (C/MSF), which well retains the continuous silica phase with
its ordered mesopore network intact, has many advantages over conventional MSFs, porous
carbons, or carbon electrodes. Thanks to the continuous carbon-coated layer, C/MSF is
electrically conductive, and besides, it has remarkably better stability in an aqueous solution
than MSFs. These features enable C/MSF to be used as a stable electrode in aqueous
electrolyte solutions. In addition, C/MSF exhibits a much higher rate of performance as an
electrode of an electric double layer capacitor than conventional powdery electrodes,
indicating that the C/MSF electrode has excellent electrical conductivity, which can be
ascribed to the continuous film shape of C/MSF. Another noticeable feature of C/MSF is
light transmittance (67.9% at a wavelength of 1000 nm). Thus, C/MSF can be a transparent

Thin carbon layer

porous electrode unlike any porous carbon electrodes ever reported. Furthermore, due to the uniform mesopores (2 nm in
diameter), C/MSF showed a large capability of immobilizing a giant active species such as iron-porphyrin molecules. Indeed, a much
larger current was detected for the charge transfer from C/MSE to the iron-porphyrin than in the case of the iron-porphyrin loaded
on a conventional graphite electrode. C/MSF is therefore a promising candidate as an effective electrode in various fields.
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B INTRODUCTION

By using mesoporous silica as hard templates, ordered meso-
porous carbons (OMCs) can be synthesized."” Unlike other
mesoporous carbons such as mesoporous activated carbons® and
carbon aerogels," OMCs possess ordered an arrangement of
uniform-sized mesopores, thereby having a significant Eotential
as effective sorbents, catalyst supports, and electrodes.” Among
them, the application to the electrochemical field is especially
interesting and noteworthy because such an application is
impossible for electrically insulative mesoporous silicas. As
electrode materials, OMCs have been used for electric double
layer capacitors,z’(”7 lithium-ion batteries,® '® fuel cells,'' "3
biosensors,'* 7 and biofuel cells.'® In many cases, OMCs exhibit
better performances than conventional carbon-based electrodes
due to such unique features of OMCs as uniform-sized mesopores,
ordered mesopore connections, high surface area, and large meso-
pore volume.

It should be noted that OMCs are generally obtained as fine
powders. Consequently, when OMCs are used as an electrode,
they must be mixed with binder polymers and conductive
additives to form an electrode sheet. The sheet thus prepared
inevitably contains random macropores in the interparticle voids
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and shows a noticeable interparticle electric resistance. If it is
possible to prepare a continuous OMC film on a large-size
substrate, the film itself could be used as a porous electrode free
from both random macropores and interparticle resistance. The
film-shaped OMC can be synthesized by using thermoplastic
polymers as templates, ie, the so-called soft-template
method."”*° For example, by using a microphase separation of
a spin-coated diblock copolymer, Dai et al. synthesized an OMC
film where arrayed cylindrical mesopores run vertically to the
substrate. The microphase separation, however, does not allow
the formation of mesopores with a diameter less than 30 nm. To
prepare an OMC film with a smaller pore size, Nishiyama et al.
used surfactant micelles as a template just like the case of the
synthesis of mesoporous silicas. The resulting OMC film has
Fmmm symmetry with 3D-connected mesopores with a diameter
of 3 to 8 nm.”**! In these soft-template methods, a mesostruc-
ture composed of the following two phases is first formed: one
phase made of a rigid thermosetting polymer will be converted
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into carbon, and the other one made of a thermoplastic polymer
or a surfactant will play the role of a template. The organic—
organic composite thus obtained is then heat-treated under an inert
atmosphere to remove the template phase and, at the same time,
to convert the thermosetting polymer into carbon. During the
heat-treatment step, the framework structure noticeably shrinks
with the temperature and the framework ordering appreciably
decreases as a result, although such a high temperature treatment
is inevitable to achieve the high electrical conductivity enough for
an electrode. For instance, by a heat-treatment up to 1073 K, the
per10d1c1ty of the OMC film decreased to 34% of its original
value.”' Another problem is the poor controllability of pore
structure: the structure variety and regularity of OMC films are
much lower than those of mesoporous silica films (MSFs).

In contrast to OMC films, there are many reports on the
synthesis of the MSFs with a variety of 3D accessible pore
structures, such as cubic (Im3m, Pm3m, and Pm3n),*>** hex-
agonal (P65/mmc),”>~** and orthorhombic (Fmmm).>® In addi-
tion, MSFs are optically transparent. If the entire mesopore
surface of a continuous MSF can be uniformly coated with an
extremely thin (less than 1 nm) carbon layer, the resulting carbon-
coated MSF becomes endowed with electrical conductivity but
keeps its inherent ordered 3D pore structure and transparency. Of
course, such a continuous film has neither random macropores nor
interparticle resistance. Moreover, it should be quite easy to tailor
its pore structures according to the need of each application
because the already established methodologies for the pore-
controlling of MSFs can be used. Besides, carbon-coating may
bring the improvement of chemical stability. Though silica is
generally not very stable in aqueous solutions, especially under
basic conditions, the carbon-coated surface is expected to exhibit
better stability. Such a property is significantly important for
electrode materials since an electrode is often used in an aqueous
electrolyte solution.

We have previously proposed a new method that enables a
perfect carbon-coating of the entire pore surface of mesoporous
silica (SBA-15) powder with an extremely thin (less than 1 nm)
carbon layer.”® In this work, we apply the carbon-coating
technique to a large (20 X 20 mm) MSF formed on a current
collector substrate and examine how much the carbon-coating is
uniform in such a large silica film. We then use the resulting
carbon-coated MSF (C/MSF) directly as an electrode and
evaluate its performance in terms of electrical conductivity,
long-term stability, and mass-transfer properties inside the con-
tinuous mesopore network. Furthermore, we load a giant active
material such as iron-porphyrin molecules into the uniform
mesopores in C/MSF to confirm its electron transfer ability to
the active material.

B EXPERIMENTAL SECTION

Preparation of Carbon-Coated Mesoporous Silica Film
(C/MSF). Figure 1 shows the preparation procedure of C/MSF. As
a current collector substrate, a Pt—Ti sputtered silicon wafer (20 x
25 mm in size) was used. The Pt layer plays a role of a current pass,
and the Ti layer is a binder of silicon and Pt. The continuous MSF with
the 3D accessible pore (space group is Fmmm) was synthesized onto
the substrate with a vapor infiltration technique.”® First, a mixture
solution of BrijS6, water, ethanol, and sulfuric acid (molar ratio is
0.16:100:50:0.9) was prepared. After dropping the solution (0.1 mL) on
the substrate, the substrate was rotated at 4000 rpm for 60 s for spin
coating. The resulting substrate coated with the surfactant micelles was
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Figure 1. Preparation procedure of the carbon-coated mesoporous
silica film (C/MSF). (a) Continuous MSF (space group is Fmmm)
formed on a current collector substrate. Illustrations for the mesopore
structure and the mesopore surface of MSF are presented. Note that the
illustration of the mesopores is a simplified one and does not exactly
correspond to the actual structure. On the mesopore surface of MSF,
there are a lot of silanol groups (—OH). (b) An organic-alcohol-coated
MSE. (c) C/MSF.

vertically placed in a closed bottle (40 mL in volume) along with a
mixture of TEOS (0.1 mL) and S M HCI (0.1 mL). Note that the
substrate was kept from the mixture in the bottle. The bottle was then
placed in an oven at 333 K for 15 min. During this period, the TEOS
vapor is infiltrated into the surfactant micelles together with a hydrolysis
catalyst (HCl), and a firm silica matrix is formed as a result. Finally,
the surfactant was removed by calcination at 673 K for § h to obtain
the continuous MSF (Figure 1a). Before the spin coating, one end (S x
20 mm) of the substrate was covered with a polyvinyl chloride tape to
prevent the coating of MSF onto this part. The uncoated part was used as
an electric connection terminal.

Carbon-coating was carried out by the method reported elsewhere.*®
In short, 2,3-dihydroxynaphthalene (DN) was introduced on the pore
surface of MSF through a dehydration reaction of a hydroxyl group of
DN with a silanol group of the silica at 573 K (Figure 1b). Then, DN
introduced on the silica surface was carbonized under Ar flow up to 1073 K
(its heating rate was 5 K min™~ ') for 4 h and the carbon-coated MSF
(referred to as C/MSF, Figure 1c) was obtained.

To evaluate the transmittance of the C/MSF layer, a similar C/MSF
was prepared also onto a quartz plate (its thickness is I mm) as a separate
experiment.

Loading of Porphyrin to C/MSF. A solution was prepared by
dissolving 2,3,7,8,12,13,17,18-ocataethyl-21H,23H-porphine iron(III)
chloride (FeOEP, 30 mg) in ethanol (25 mL), and then C/MSF
attached to the substrate was immersed into the solution. By drying
the substrate at 313 K for 30 min, FeOEP-loaded C/MSF was obtained.

Characterizations. The cross-section of the C/MSF attached to
the substrate was observed with a scanning electron microscope (SEM;
Hitachi S-4800). To characterize the long-range structure regularity of
the film samples, X-ray diffraction (XRD) patterns were measured with a
Shimazu XRD-6100 apparatus with Cu—Kot radiation generated at
30 kV and 20 mA. The ordered mesoporous structures of MSF and
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Figure 2. Photographs of (a) MSF and (b) C/MSF formed on the substrates, together with water droplets attached on (c) MSF and (d) C/MSF. The
range of MSF deposited is 20 X 20 mm. (e) A SEM image of the cross-section of C/MSF/substrate. (f) XRD patterns of as-synthesized MSF
(surfactant/MSF), MSF after the surfactant removal (MSF), and C/MSF. Each pattern was directly measured by using the film sample attached to the

substrate.

C/MSF were observed by a transmission electron microscope (TEM;
JEOL, JEM-2010), using an acceleration voltage of 200 kV. Before the
observation, the film samples were physically separated from the
substrate with a diamond pencil. The carbon layer formed onto MSF
was characterized with a Raman spectrometer (JASCO, NRS-3300) with
a 532.2 nm line. In addition, the carbon was liberated from MSF by
immersion in HF (47%) solution for 6 h, and the isolated carbon layer
was subjected to TEM observation. The amount of carbon embedded in
porous silica is generally estimated by weight loss during its combustion
with a thermal gravimetric analyzer. However, the amount of carbon in
the C/MSF/substrate is too small (ca. 0.02 wt %) to detect the weight loss
of carbon. Thus, we estimated the carbon amount with a temperature
programmed oxidation (TPO) technique in the following manner:*’
C/MSE/substrate was heated at a linear heating rate of 4 K min up to
1273 K under an oxidizing gas flow (S vol % O, in He), and the gases (CO,
and CO) evolved from the film were quantitatively analyzed with a gas
chromatograph (GC; GL Science Inc., Cp-2002). From the total amount
of carbon emitted, the carbon amount in C/MSF was calculated. The
surface electrical resistivity of a pristine substrate, MSF/substrate, and
C/MSEF/substrate were measured by a four-probe technique with
Loresta-GP MCP-T610 equipment (Mitsubishi Chemical Co.). The
transmittance of the C/MSF layer formed on a quartz plate was
evaluated with a UV/vis spectrometer (JASCO, V-670).
Electrochemical Measurements. C/MSF with the substrate was
directly used as a working electrode. It was immersed into an electrolyte
solution (1 M H,SO, or 1 M NaCl), and then, the electrolyte solution
was impregnated into C/MSF under reduced pressure for 1 h at 313 K.
After the vacuum impregnation, the C/MSF/substrate was kept in the
electrolyte solution for several hours before the electrochemical mea-
surements. The electrochemical measurements were conducted with a
three-electrode cell, which is equipped with a working electrode
(C/MSF), a counter electrode (Pt mesh), and a reference electrode
(Ag/Ag+, RE-IC; BAS inc.). Before the electrochemical measurements,
the electrolyte solution was bubbled with N, gas to remove dissolved O».
Cyclic voltammograms were measured with a potentiostat/galvanostat
(Hokuto Denko Corporation, Hz-500) in 1 M H,SO, or 1 M NaCl

electrolyte solutions at 298 K. The gravimetric capacitance [F g~ '] was
calculated by dividing the obtained capacitance [F] by the total amount
[g] of C/MSF used for cyclic voltammetry. For the FeOEP-loaded
C/MSEF, cyclic voltammetry was carried out with almost the same setting
except for a different electrolyte solution (1 M KCl aq).

B RESULTS AND DISCUSSION

Morphology of C/MSF and Its Ordered Mesopore Struc-
ture. Figure 2a and b shows photographs of MSF and C/MSEF,
respectively, formed on the current collector substrates. The
color of MSF is translucent gray, and it becomes a little darker
upon carbon-coating. Though MSF and C/MSF have nonuni-
form fringes which were formed by spin-coating (Figures 2a and b),
C/MSE looks smooth and has a continuous face except for
the fringe part. To examine the hydrophobicity of the carbon-
coated surface, a contact angle of a water droplet was measured
on both MSF and C/MSE. In MSF, the water droplet was
completely dispersed due to the strong hydrophilicity of silica
(Figure 2c), but the water droplet attached on C/MSF kept a
contact angle of about 55° indicating the increase in hydro-
phobicity by carbon-coating (Figure 2d). The contact angle on
C/MSF is, however, smaller than that of the pure graphite surface
(>90°). One of the reasons for the smaller angle may be the low
degree of crystallinity of the resulting carbon (note that the
carbonization temperature is as low as 1073 K). Figure 2e shows
a SEM image of the cross-section of C/MSF. A continuous
C/MSF layer (its thickness is about 200 nm) is firmly attached
to the very flat surface of a Pt/Ti layer, a current pass layer.
We observed such a smooth contact between C/MSF and the
Pt/Tilayer throughout the substrate without any voids or cracks,
thus expecting a sufficient electrical connection between these
two layers.

Figure 2f shows XRD patterns of as-synthesized MSF (with
the surfactant remaining in MSF), MSF after surfactant removal
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Figure 3. TEM images of (a) MSF and (b) C/MSF. Each sample was
corresponding high resolution images.

physically liberated from the substrate before the observation. Insets are the

(MSF), and C/MSF. All the samples show a peak derived from
(020) planes of the Fmmm structure.”® The d-spacing of the
(020) planes, d(g20), of the as-synthesized MSF can be calculated
to be 5.70 nm. Upon surfactant removal at 673 K, the d-spacing
becomes 5.06 nm. Further heat-treatment at 1073 K in the
carbon-coating process decreases its value down to 4.20 nm.
Though the present MSF was found to slightly shrink with the
heat-treatment, the contraction is much smaller than that in the
case of OMS films synthesized with a soft-template method.”' To
illustrate, in the case of OMS films with the same Fmmm
structure as the present silica, their (010) planes shrink to 34%
upon carbonization at 1073 K,*' but the present C/MSF shrinks
no more than 26%. Song et al. have recently reported an easy
approach to improve the robustness of OMC films by the
addition of silica to a matrix.*** In their method, contraction
can be decreased with increasing the silica content. For a Fmmm
structure film, they succeeded in reducing the film contraction
from 65% to 35% of its original value upon carbonization at 1073
K, by introducing silica up to 74 wt %.>° However, the precursor
of the present C/MSF comprises a pure silica framework coated
with organic alcohol molecules, and therefore, contraction by
heating was as low as that in the case of pure MSFs.** Such
smaller contractions are effective in reducing the distortion of the
ordered mesopore morphology, resulting in retaining a sharp
mesopore size distribution.*®

The MSF and C/MSF layers were peeled off from the
substrate and subjected to TEM observation (Figure 3). In both
samples, ordered mesopore structures are clearly observed,
which is in accordance with the XRD results (Figure 2f). In
addition, we confirmed from the SEM observation that the
mesopores are open up to the outside surface of the MSF and
C/MSE, and there is no deposition of extra carbon such as grains
and particles outside the C/MSF (see Supporting Information).
From the TEM (Figure 3b) and SEM images (Figure SIb,
Supporting Information) of C/MSF, its mesopore diameter
can be estimated to be ca. 2 nm.

Thin Carbon Layer Deposited on the Silica Surface. From
the TPO experiment, the carbon amount can be calculated to be
24.9 wt % in C/MSE. If this large amount was not used for the
coating of the mesopores but placed only on the outside surface
of MSF, there must be noticeable fractions of carbon matter as
grains and/or particles. However, this is not the case, as indicated
by the TEM (Figure 3b) and SEM (Figure S1b, Supporting
Information) images. We therefore conclude that the carbon
introduced into MSF exists inside the mesopores. Moreover, since

C/MSF

MSE

T T T T
1200 1400 1600 1800

Raman shift (cm~")

T
1000

Figure 4. Raman spectra of MSF and C/MSF recorded with 532.2 nm
laser line.

the mesopore sizes of C/MSF in the TEM image (Figure 3b) look
very uniform, it is likely that the carbon does not plug the
mesopores but uniformly covers the mesopore surface.

In order to examine the connectivity of the carbon layer,
C/MSF was immersed into a 47% HF solution, and the silica
framework was removed. If the carbon layer was not continuous,
the carbon could not have retained the whole film shape upon the
removal of the silica framework, and it could have been broken
into small fragments. However, we do not observe any visible
change on the film sample before and after the HF etching. In
addition, the SEM observation (data is not shown) revealed that
the film sample remains firmly attached to the substrate like
Figure 2e. These findings are strong evidence that the carbon
layer is well connected in the mesopore network of MSF. The
structure of the liberated carbon is further discussed in Support-
ing Information.

Figure 4 shows the Raman spectra of MSF and C/MSF formed
onto Si wafers. MSF shows an inclined baseline with no scatter-
ing peak, but C/MSF clearly shows two peaks, the so-called
D-band (1350 cm™ ') and G-band (1610 cm ™ '), both of which
are typical of carbonaceous materials. The intense G-band directly
proves the significant presence of graphene sheets. The position of
the intense G-band (1610 cm™ ) is a little higher than that of the
graphite G-band (1580 cm™ '), suggesting that the graphene
sheets in C/MSF are not develo}lped like graphite and that they
may be nanometer-sized sheets.>"**

Long-Term Stability in an Aqueous Solution. In general,
mesoporous silica is not very stable in aqueous media, especially
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Figure S. (a) Photographs of MSF (left) and C/MSF (right) after
immersion into 1 M NaCl aqueous solution for 3 weeks. (b) XRD
patterns of MSF and C/MSF before and after the immersion test.

under basic conditions, because silica has some solubility in
water. Even at neutral pH, amorphous silica can be dissolved at
ordinary temperature to the extent of 100—150 ppm.”* In the
case of the present MSF, its amount is only 0.128 mg on one
substrate (20 x 20 mm in area), and just a little over 1 mL of
water is large enough to dissolve this small amount of silica.
Brinker et al. indeed reported that MSF is almost dissolved in pH
7.4 aqueous solution within 1 day.** Such poor durability restricts
its practical use in the electrochemical field, e.g, in biosensors
and biofuel cells because an electrode material in such applica-
tions is usually used in an aqueous solution. However, C/MSF is
expected to have better chemical stability than the pristine silica,
if the whole surface of silica is covered with a carbon layer.
We thus examined the chemical stability of C/MSF. Figure Sa
shows photographs of MSF and C/MSF after immersion
into a 1 M NaCl aqueous solution for 3 weeks. Note that we
choose this solution because it will be used as an electrolyte for
electrochemical measurements as described later. MSF looks
extremely eroded even just by the immersion into the neutral
media, whereas C/MFS remains almost intact. Figure Sb shows
XRD patterns of MSF and C/MSF before and after the immer-
sion test. As was expected from Figure Sa, the structure of MSF
was completely destroyed and lost its regularity upon 3 weeks
immersion in 1 M NaCl. In marked contrast, C/MSF retains the
ordered structure even after the long-term test due to the
protecting surface carbon layer. Though the carbon layer is not
tough enough against HF etching, it is sufficient to inhibit the
dissolution of silica into an aqueous electrolyte with neutral pH,
which has been often used for electrochemical applications in
many cases.

Surface Electrical Resistivity. The surface electrical resistiv-
ities of the pristine substrate, MSF, and C/MSF were measured
with a four-probe method. The resistivity of the pristine substrate
was 4.00 X 10~> Q/00, which is low enough as a current collector,
due to the conductive Pt and Ti metal layers. After the formation of
insulative MSF on the substrate (Figure la), the resistivity is
significantly increased to 1.90 x 107 Q/C. Upon carbon-coating
(Figure 1c), the large resistivity is, however, remarkably decreased
to almost the same value (4.04 x 10~ * ©/00) as that of the pristine
substrate. The excellent conductivity of C/MSF indicates that the
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Figure 6. (a) Photographs of MSF (left) and C/MSF (right) formed on
the quartz plates. One end of each plate was not covered with the

mesoporous layer. (b) A SEM image of the cross-section of C/MSF/
quartz. (c) Transmittance of the MSF and C/MSF on the quartz plates.

carbon layer on the silica mesopore surface is continuous through-
out the whole MSF. Though it is possible to endow a mesoporous
silica film with proton conductivity by loading CsHSO,,> it is
almost impossible to achieve such a high electrical conductivity as
in the case of C/MSF simply by adding any molecular additives to
silica.

Light Transmittance. To evaluate the transmittance of the
C/MSF layer, C/MSF was prepared also onto a quartz plate.
Figure 6a shows photographs of such MSF and C/MSF. The
original MSF looks completely transparent, and interestingly,
C/MSF also has some transparency. From the cross-section
SEM image (Figure 6b), the thickness of C/MSF was estimated
to be ca. 100 nm. Figure 6c shows the transmittance of MSF and
C/MSF. At a wavelength of 1000 nm, C/MSF has a transmit-
tance of 67.9%, which is close to the value of a transparent
graphene film (70.7%) with the thickness of ca. 10 nm.*®

C/MSF shows transparency because it does not contain very
large amounts of carbon. However, the small amount of carbon
forms an extremely thin continuous layer to cover most of the
silica surface, which endows C/MSF with both a sufficient
chemical stability and a high electrical conductivity. Accordingly,
the amount of carbon in C/MSF is well balanced to exhibit
not only chemical stability and electrical conductivity but also
transparency. These three characteristics make C/MSF distinc-
tive from conventional porous carbon electrodes which are in
principle completely black and are not suitable for photochemi-
cal applications.

Inner Resistance and Mesopore Network Connection.
Next, we tried to use the as-synthesized C/MSF on the current
collector substrate directly as an electrode. Figure 7 shows cyclic
voltammograms of C/MSF and the pristine substrate, measured
in 1 M NaCl and 1 M H,SO, electrolyte solutions. In Figure 7a,
C/MSF exhibits higher current than the pristine substrate,
indicating that the presence of C/MSF increases the electric
double layer capacitance. In other words, C/MSF has a larger
amount of electrically conductive surface area than the pristine
substrate. In the acidic electrolyte solution (Figure 7b), we
observed again the increase in capacitance upon the formation of
C/MSEF, but in this electrolyte, the pristine substrate shows an
increase of cathodic current below 0.1 V, which can be regarded as
the chemisorption of H' onto the Pt surface.*”** Interestingly,
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Figure 7. (ab) Cyclic voltammograms of C/MSF (red line) and the
pristine substrate (black line) measured in (a) 1 M NaCl and (b) 1 M
H,SO,. Scan rate was 10mV's ™. (,d) Cycdlic voltammograms of C/MSF
measured in (c) 1 M NaCland (d) 1 M H,SO, at elevated scan rates of 10,
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such a cathodic current can be observed also in C/MSF. This
indicates that the electrolyte solution passed through the 3D pores
of the C/MSF layer and then reached the Pt surface. Figures 7c and
d show the cyclic voltammograms of C/MSF at elevated scan rates
(note that the y-axis is expressed as a gravimetric capacitance).
From Figures 7c and d, the gravimetric capacitances of C/MSF are
estimated to be ca. 30 and SO F g~ " in 1 M NaCl and 1 M H,SO,
respectively, and these values are comparable to those of carbon-
coated mesoporous silica (SBA-15) powder (25 and 39 F g~ " in
1 M NaCl and 1 M H,SO,, respectively).” Since the electric
double-layer capacitance is proportional to the surface area of an
electrode material, it is possible to estimate the surface area of
C/MSEF from its double-layer capacitance. This approach allows
one to determine the surface area of a sample with a very small
amount, like the case of C/MSF. Note that we have actually tried to
measure the specific surface area of C/MSF with the conventional
nitrogen physisorption technique; however, it was not possible due
to the very small amount of C/MSF: the weight of C/MSF of 20 x
20 mm area is only 0.1 mg. Considering that the double-layer
capacitance of carbon-coated mesoporous silica is 0.07 F m ™~ in
1 M NaCl,* the specific surface area of C/MSF can be estimated to
be as high as 429 m” g '. The appearance of the sufficient
capacitance also indicates that the electrical contact between the
Pt surface and C/MSF is very well though the thickness of the
carbon layer is very thin.

It is noteworthy that, in both ¢ and d in Figure 7, the shapes of
the voltammograms are almost unchanged even at higher scan
rates. This finding indicates that the inner resistance of the
C/MSE electrode is very small due to its continuous film shape.
Previously, we have prepared carbon-coated mesoporous silica
(SBA-15) powder®® and measured its cyclic voltammograms in
1 M NaCl and 1 M H,80,.*° Since the carbon-coated SBA-15
(C/SBA-15) is a powdery form, a sheet electrode was prepared
by mixing C/SBA-15 with a PTFE binder and a conductive
additive (carbon black). Then the sheet electrode was attached to
a Pt mesh as a current corrector. The resulting cyclic voltammo-
grams are shown in Figure 8, where the capacitance of C/SBA-
15, in both electrolytes, significantly drops with increasing the
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Figure 8. Cyclic voltammograms of C/SBA-15 measured with the
three-electrode cell in (a) 1 M NaCl and (b) 1 M H,SO,. Scan rates
were 1, 10, and 50 mV s~ % Reprinted with permission from ref 39.
Copyright 2010 Elsevier.

scan rate up to S0 mV's~ ' due to a large inner resistance, making
a striking contrast with C/MSF, which can keep the capacitance
even up to 200 mV s~ ' (Figures 7c and d). This remarkable
difference between C/MSF and C/SBA-1S can be ascribed to
their different morphologies. In the conventional electrode
sheets composed of porous carbon powders, the inner resistance
of the electrode is the sum of the several resistance components,
such as (i) contact resistance between the current collector and
the electrode sheet, (ii) interparticle resistance of carbon powders,
(iii) inner resistance of carbon, and (iv) ion-transfer resistance
inside the carbon nanopores. Since both C/MSF and C/SBA-1S
are carbon-coated mesoporous silicas and in principle should have
similar nanostructures, the components (iii) and (iv) of C/MSF
are not very different from those of C/SBA-15. However, from its
film shape, C/MSF has advantages as for (i) and (ii). As is evident
from Figure 2e, the C/MSF layer is firmly attached to the current
corrector, making component (i) very small. In addition, C/MSFis
completely free from component (ii). Thus, forming a continuous
film is a very effective way to prepare a highly conductive porous
electrode with fast electrochemical response.

Performance As a Support of an Active Material. Judging
from the 3D network of the ordered and continuous mesopores,
the high chemical stability in aqueous media, transparency, and
the excellent electrical conductivity, C/MSF can be a g)romising
electrode for various applications such as biosensors,***' micro-
bial fuel cells,** and artificial photosynthesis.** For these applica-
tions, high capability of immobilizing an active material and
smooth charge transfer from the electrode surface to the loaded
active material are indispensable. We thus examined the perfor-
mance of C/MSF as a support for such active materials. Con-
sidering the mesopore diameter of C/MSF (ca. 2 nm), we chose
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine iron(III) chloride
(FeOEP, the molecular structure is shown in the inset of Figure 9, and
its diameter is ca. 1.3 nm) as a model active material, and the
cyclic voltammogram of the FeOEP-loaded C/MSF electrode
was measured in 1 M KCl solution (Figure 9). Note that FeOEP
does not dissolve in water so that there is no FeOEP desorption
from the C/MSF electrode. A pair of well-defined redox peaks
was clearly seen in Figure 9. This was attributed to the F(III)/
F(II) redox couple coordinated in the porphyrinic ring.*** The
peak split between the anodic and cathodic peak potentials
(AEP) was 110 mV, which is similar to the conventional graphite
electrode modified with iron porphyrins.* It is noteworthy that
the intensity of the redox peaks (>0.1 mA) is greatly larger than
that of the graphite electrode (<$ uA),® indicating that a con-
siderably large amount of porphyrin can be reduced/oxidized on
C/MFS. From the reduction current, the amount of electrochemi-
cally active FeOEP per geometrical electrode area (2 x 2 cm?) is
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Figure 9. Cyclic voltammogram of FeOEP-loaded C/MSF measured in
1 M KCl aqueous solution in the absence of O,. Potential range was
—0.7 to 0.7 V. Scan rate was 10 mV s~ . The inset is the molecular
structure of FeOEP.

estimated to be 1.03 x 10~ ® mol cm™ 2 However, in the case of the
graphite electrode, the maximum amount of electrochemically
active porphyrin was no more than ca. 8 x 10~'® mol em %*®
which corresponds to the monolayer adsorption amount on the
entire surface of the graphite electrodes. Moreover, it was reported
that further loading of porphyrin produced no further increase in
the current.*’ Thus, C/MSF can be an effective platform which can
hold a very large amount of electrochemically active giant active
species, thereby being promising as highly sensitive sensors.

By using the present carbon-coating strategy, it is possible to
prepare various types of continuous film electrodes with different
pore morphologies and different pore diameters, depending on
the needs of the applications. Moreover, the uniform mesopore
size of C/MSEF is expected to immobilize and stabilize biomole-
cules whose sizes are just fit to the mesopore.***” C/MSF has
therefore a great potential to be an effective electrode in various
application fields.

B CONCLUSIONS

A continuous mesoporous silica film (MSF) having 3D acces-
sible mesopores (Fmmm structure) with alarge area of 20 X 20 mm
was prepared on a current collector substrate, and then uniform
carbon-coating was conducted on MSF. Despite the carbon coating
at a relatively high temperature of 1073 K, the resulting carbon-
coated MSF (C/MSF) well retained the ordered mesoporous
structure without large thermal shrinkage, thanks to the robust
silica framework. Upon carbon coating, the surface of MSF became
hydrophobic, and more importantly, its long-term stability in a
neutral aqueous solution was remarkably improved. C/MSF ex-
hibited excellent electrical conductivity and can be directly used as
an electrode without any binders and conductive additives, both of
which are always necessary in the case of porous carbon powders.
The C/MSF electrode showed a considerable amount of electric
double layer capacitance, and moreover, the capacitance of C/MSF
did not drop very much with increasing the scan rate, revealing
a remarkably low inner resistance of C/MSF compared to the
conventional powdery electrodes. Furthermore, a large amount of
iron-porphyrin could be loaded into C/MSF and clear charge
transfer from C/MSF to the iron-porphyrin was demonstrated.
In addition, the transmittance of the C/MSF layer is close to that
of the transparent graphene electrode, making C/MSF a transpar-
ent porous electrode unlike any porous carbon electrodes ever
reported. It can therefore be concluded that C/MSF is a promis-
ing candidate as an effective electrode in various fields, such as
biosensors, microbial fuel cells, and artificial photosynthesis.
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