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Ordered mesoporous carbon-containing ferrocene derivative
(Fe-MC) with a hexagonal framework structure has been
prepared using a SBA-15 silica template. The electric double-
layer capacitance of Fc-MC increases in comparison with that of
pure mesoporous carbon.

Ordered mesoporous carbons prepared from silica templates
are of general interests because these materials are useful for
hydrogen storage, catalysts, catalyst supports, and adsorbents for
relatively large molecules.'™ In recent years, research on the
electric double-layer capacitors (EDLCs) using such mesoporous
carbons has been paid much attention for their use in high energy
power sources,””’ because these materials possess both high
specific surface area and electrical conductivity. However, the
electrical conductivity depends on starting materials or proce-
dures in preparation.® This encourages us to improve the
electrical conductivity of mesoporous carbons in terms of the
EDLC materials.

This is the first report on the synthesis of mesoporous carbon
containing ferrocene derivative (ferrocenecarboxaldehyde, Fc)
with a hexagonal structure using SBA-15 as the hard template.
The advantages of Fc-containing mesoporous carbon in compar-
ison with conventional carbons can be as follows: (i) increase in
electrical conductivity,” (ii) catalytic growth of carbon
framework, ' and (iii) possibility of appearance of the pseudo-
capacitance originated from iron species.®

The mesoporous SBA-15 was prepared using Pluronic P123
(non-ionic triblock copolymer, EO» PO70EO») as a surfactant
and tetraethoxysilane as a silica source, according to Zhao et al.!!
With a view to introducing Fc into the SBA-15 mesopores, Fc was
dissolved in furfuryl alcohol (FA) as the main carbon source. The
calcined SBA-15 was impregnated with aqueous solution of FA,
sucrose, 0.5moldm—> H,SO,, and Fc (H,O : FA : sucrose :
H,SO4 :Fc=9:6:1:1:02 (w:w)). About 10wt% of
sucrose was added to support formation of ordered array of
carbonic nanorods. The mixture was placed in a drying oven for
6h at 80°C, and kept for 6h at 160°C. Two steps of thermal
treatment is due to incorporation and polymerization of carbon
sources, respectively. Similar process was repeated again; the
recovered SBA-15 complex was impregnated with aqueous
solution (H,O : FA : sucrose : H)SO4 : Fc =9:45:065:1:
0.13 (w : w)), and heated at 80 and 160 °C in the same procedure
as above. An obtained dark brown powders were carbonized at
800 °C for 3 h in the N, flow, and etched with 1 mol dm~—> NaOH
solution (H,O : ethanol = 1 : 1 (v : v)) toremove silica template.
Hereafter this sample is labeled as Fc-MC. The amount of iron
resided in the mesoporous carbon was estimated to be 1.5 wt% by
thermogravimetry (TG).!> As a reference, mesoporous carbon

without Fc (denote by MC) was also synthesized. The removal of
silica for both MCs was confirmed by TG.

The observed X-ray diffraction (XRD) peaks of MCs are
assigned to 100, 110, and 200 of hexagonal structure (Figure 1),
indicating that well-ordered mesostructure could be constructed
using FA and sucrose as the carbon source. The fact that 110 and
200 peaks for Fc-MC are observed more clearly than that for MC,
indicating that the addition of Fc facilitates the formation of
carbon frameworks to some degree. However, ordered hexagonal
array of carbon nanorods are hardly obtained if carbonization is
performed after the first impregnation of carbon source. This
means that one time impregnation is insufficient for development
of carbon frameworks in the SBA-15 mesopores.* In the higher
angle region, two broad peaks originated from graphite appeared
in Fc-MC (Figure 1 (inset)). The d-spacing value of 002 is ca.
0.38 nm, which is much larger than that of ideal graphite
(0.33 nm), indicating low crystallinity of Fc-MC. Similar phe-
nomenon was observed in MC (dpp, = 0.38 nm). It is noted that
no diffraction peak originated from iron was observed.
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Figure 1. XRD patterns for mesoporous carbons. (Inset) High-
angle XRD pattern of Fc-MC.

All the N, isotherms at 77 K are of type IV, and the adsorption
and desorption ones of MCs overlap each other in almost all
region (data not shown). The capillary condensations originating
from adsorption in mesopores was observed in the relative
pressure from 0.4 to 0.6. These trends confirm the presence of
ordered mesopores after the etching. This is also supported by the
fact that the full widths at half maximum of the pore size
distribution based on the BJH method were also narrow in both
samples.'? From the average pore size (4.1 nm for MC; 4.3 nm for
Fc-MC), the diameter of carbon nanorod was also estimated to be
ca. 3.4 nm. Therefore we can see that the distance between carbon
nanorods would be sufficiently large and allow electrolyte to
access the surface of each carbon nanorods in electrochemical
use. Nevertheless, the specific surface areas of MCs (630 m? g~!
for MC; 700 m? g~! for Fc-MC) were not so high as that of CMK-
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3 (ca. 1500 m? g=!).2 This may be attributed to partial collapse of
carbonic mesostructures.

The formation of carbon mesostructure was also confirmed
by transmission electron microscopy (TEM) observations. As
shown in the Figures 2a and 2b, well-ordered hexagonal arrays of
carbon nanorods were observed in both MCs. From high-dark
contrast in the TEM images, the distance between nanorods are
estimated to be ca. 9 nm, in agreement with the result of XRD. It
should be noted that the small amounts of iron compounds were
observed in the carbon nanorods for Fc-MC (Figure 2¢ arrows).!4
The diameter of these particles was equal to that of carbon
nanorods. Taking into account the XRD results, the incorporated
iron species may have poor crystallinity.

Figure 2. Typical TEM images of the ordered mesoporous
carbon.

Finally, the preliminary EDLC behaviors of MCs were
investigated in a 0.5moldm~3 KClI solution. For the electro-
chemical measurements, carbon powders were spread on a Ti
mesh with polytetrafluoroethylene binder. A Ti mesh and
saturated calomel electrode (SCE) were used as counter and
reference electrode, respectively. The capacitance obtained from
cyclic voltammetry was shown as a function of potential in Figure
3, and was calculated by dividing current both by scan rate and
specific surface area. The rectangular-shaped voltammograms
were recorded at lower scan rate. The value of double-layer
capacitance of Fc-MC (ca. 20uFcm™2) is about half of
commercial activated carbons.® The distortion of the voltammo-
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Figure 3. Capacitance vs voltage profiles obtained with MC and

Fc-MC electrodes. Broken curve: 20mVs~!; dotted curve:

5mVs~!; solid curve: I mVs~'.
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gram grew with the scan rate. The degree of distortion was greatly
suppressed by the addition of Fc. This is because the difference in
the resistance-capacitance (RC) time constant between these
MCs. Actually the RC time constant of Fc-MC, roughly estimated
to be 8s, was about half that of MC. This difference is caused
mainly by a lower internal resistance of Fc-MC, because a
difference in surface area between MCs is at most 10%. Thus it is
found that the incorporation of Fc can improve capacitor
performance through an increase of conductivity. Additionally,
for Fc-MC, no faradaic current was observed in this potential
range. These results indicate that incorporated Fc molecules act as
a catalyst to form carbon frameworks rather than redox species for
appearance of pseudo-capacitance.'> Much amount of iron-
species may be necessary for higher energy densities due to
pseudo-capacitance.
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