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Ionic Liquids as Versatile Precursors for Functionalized Porous Carbon
and Carbon-Oxide Composite Materials by Confined Carbonization**

Xiqging Wang and Sheng Dai*

The unique features of ionic liquids (ILs), such as negligible
vapor pressure and versatile solvation properties,"! have
rendered the wide use of ILs in many emerging areas, for
example, as green solvents for synthesis,” as media for
advanced separation,” and as novel electrolytes for energy
applications.[*! In an effort to explore new applications of ILs,
we and others recently proposed a new methodology for the
synthesis of porous carbon materials based on task-specific
ionic liquids (TSILs).”! The essence of this approach lies in
the incorporation of cross-linkable functional groups, such as
nitrile, into the structures of TSILs and the thermal stability of
TSILs before their polycondensation.>® These special pre-
cursor-controlled thermolysis properties” thereby make it
possible to employ TSILs as excellent precursors to produce
functional carbon materials with controlled pore architec-
tures.>®! The huge number of possible combinations of
cations and anions would provide great opportunities for
tailor-made porous carbon materials from ILs. However,
carbonization of conventional ILs without any cross-linkable
functional groups under N, and ambient pressure affords no
carbon yield. This is because of the lack of stable intermediate
polymeric structures and the formation of volatile vapors
during thermal decomposition of such ILs.

Herein, we report a strategy for forming functional porous
carbon and carbon—-oxide composite materials from conven-
tional ILs by confined carbonization. This method does not
require the ILs to have cross-linkable groups but instead
utilizes the space confinement of ILs inside oxide networks
(e.g., silica and titania) to convert the ILs with no char residue
into efficient carbon precursors with carbonization yields
approaching the theoretical limits. Another interesting fea-
ture of this approach is that it allows a rational tuning of the
pore structure of the corresponding carbon—oxide composites
and the derived carbon materials, which ranges from micro-
porous to mesoporous and macroporous architectures. Fur-
thermore, other elements, such as nitrogen and boron, which
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are crucial to modify the physical and chemical properties of
the carbon materials,”’ can also be easily doped into carbon
frameworks by employing heteroatom-substituted ILs. Com-
pared with the carbon materials derived from conventional
precursors,'”! which usually require post-synthesis modifica-
tion,'"! confined carbonization of ILs affords a simple way to
prepare functional and alloyed porous carbon and porous
carbon-oxide composite materials.!'?

The confinement of ILs inside oxide networks was
achieved by a nonhydrolytic sol-gel process,'¥ wherein ILs
were used as effective solvents to form oxide-based mono-
lithic nanocomposites with homogeneously dispersed ILs. The
uniformity is achieved by means of the unique solvation
environment offered by ILs through Coulombic interactions
and the formation of nanoscopic phase separation. Herein, we
demonstrate an example of confined pyrolysis of an IL within
a silica network. IL-containing monolithic silica gels were
prepared by sol-gel processing of tetraethyl orthosilicate
(TEOS) in the presence of formic acid and an IL, such as 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-

imide ([Bmim][NTTf,], see structure in Figure 1 D). Depend-
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Figure 1. Transparent monolithic silica gels containing different
amounts of [Bmim][NTf,] (x=0.3 and 2.0 for (A) and (B), respectively).
After heat treatment under N,, the clear monolith (A) turned black (C).
D) Structure of [Bmim][NTf,].

ing on the amount of [Bmim][NTf,] used, silica-based gels
were formed within 1-3h. After aging and drying to
evaporate volatile solvents, transparent and clear monolithic
silica gels (see Figure 1) containing different amounts of IL
were obtained. Carbonization was performed by heating the
gels to 800°C for 2 h under flowing N,. The obtained silica—
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carbon composites were denoted as SC-BN-x (x =0.3-2.0),
where x represents the volume ratio of [Bmim][NTf,]/TEOS
used. Silica was removed by HF and the resulting carbon
materials were denoted accordingly as C-BN-x.

The synthesis takes advantage of the excellent miscibility
of [Bmim][NTf,] with hydrophilic formic acid and hydro-
phobic TEOS, which gives a homogeneous clear mixture after
gentle shaking. Considering the nonvolatility of [Bmim]-
[NTf,] and the fact that a negligible amount of the IL was
found on the walls of the glass vial, we can conclude that the
IL was completely trapped in the monolithic silica gels.
Interestingly, after drying and curing, the gel containing less
[Bmim][NTf,] (Figure 1 A) shows more shrinkage than the
one containing more IL (Figure 1B). Our previous studies
have shown that carbonization of an IL without any cross-
linkable functional groups under N, and ambient pressure
affords no carbon yield.™

As expected, heat treatment of pure [Bmim][NTf,] in
nitrogen resulted in no char residue (Figure 2A, curve a).
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Figure 2. A) TGA curves of pure [Bmim][NTf,] (a) and silica—[Bmim]-
[NTF,] gel (b) in N, with a heating rate of 2°Cmin~". B) TGA curves of

silica—carbon composites derived from gels containing different

amounts of [Bmim][NTf,] in air with a heating rate of 10°Cmin~".

However, heating a [Bmim][NTf,]-containing silica gel at
800°C under the same conditions gave a black monolithic gel,
clearly indicating the formation of a silica—carbon composite
(Figure 1C). As a control experiment, heating a silica gel
made the same way but without IL yielded colorless granules,
thus suggesting that the carbon was derived from the IL.
Moreover, thermogravimetric analysis (TGA) shows that the
decomposition of [Bmim][NTf,] within the silica gel (Fig-
ure 2 A, curve b) started at around 400 °C, about 50°C higher
than the corresponding IL in the open space (Figure 2 A,
curve a). These results indicate that nanoconfinement of the
IL not only improves its thermal stability but also increases
the carbon yield, thus leading to the formation of silica—
carbon composites. Clearly, nanoconfinement plays a key role
in determining the course of the pyrolysis chemistry associ-
ated with ILs. The yield of aromatization through dehydro-
genation reactions is considerably enhanced, while the
evaporative loss of intermediate species (other than hydrogen
gas) is suppressed.
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The carbon contents of the silica—carbon composites were
determined by TGA in air. As shown in Figure 2B, the more
[Bmim][NTf,] was incorporated into the silica gels, the higher
was the weight loss of the TGA curves of the resulting silica—
carbon composites. Table 1 lists the weight loss found by TGA

Table 1: Textural properties of silica—carbon composites and the derived
carbon materials.

Materials Weight loss Sger Viotal Viicro

(%] [m’g ¥ [em’g M [cm’g "
SC-BN-0.3  19.7 (35.0) 155 0.30 0.06 (0.24)
SC-BN-0.5 25.3 (43.0) 169 0.25 0.07 (0.18)
SC-BN-1.0 45.6 (60.0) 247 0.22 0.10 (0.12)
SCBN-20  65.4 (75.1) 359 0.25 0.16 (0.09)
C-BN-0.3 - 469 0.68 0.18 (0.50)
C-BN-0.5 - 420 0.65 0.17 (0.48)
CBN-10 - 379 0.32 0.16 (0.16)
C-BN-2.0 - 358 0.24 0.16 (0.08)

[a] Weight loss of the TGA curves in air in the range of 200-800°C. The
numbers in parentheses are the carbon contents calculated theoretically
from the amounts of IL used. [b] Sger: Brunauer—Emmett—Teller (BET)
surface area. [c] Vi: total pore volume. [d] Viico: Micropore volume,
derived from the D—R plots. The numbers in parentheses are the porosity
contributed from mesopores and macropores, as calculated by sub-
traction of the micropore volume from the total pore volume,
Viotal=Vimicro:

for each silica—carbon composite as well as the carbon content
calculated on the basis of the amount of IL incorporated into
the silica gel. It can be seen that the more IL was used, the
better the agreement between experimental and calculated
values, which indicates an increase in carbonization yield. For
example, the weight loss for SC-BN-2.0 was 65.4 wt %, close
to the theoretical value (75.1 wt % based on carbon content).

Figure 3 A and B show the scanning transmission electron
microscopy (STEM) images of SC-BN-0.3, which reveal that
the silica—carbon composite has a bicontinuous intercon-
nected structure, a result of phase separation™ occurring
during the sol-gel process. That is, a solid phase of silica and a
liquid phase of IL. The latter was transformed into a carbon
phase after heating at high temperature in N,. The silica and
carbon phases can be distinguished by their morphology and
surface roughness, as confirmed by line-scan energy-disper-
sive X-ray (EDX) analysis (Figure 3D). The silica phase has a
smooth surface with a skeleton size of about 50-100 nm, while
the carbon phase is composed of fused carbon nanoparticles
with a rough surface.

STEM images also show obvious pores between the silica
phase and the carbon phase, which range from about 20 to
50 nm in diameter. Removal of silica from the silica—carbon
composites generated the corresponding porous carbon
materials. A typical STEM image of C-BN-0.3 (Figure 3C)
reveals a broad pore size distribution in the mesopore and
macropore region (10-100 nm). The meso/macroporosity of
carbon materials originates from that of the parent silica—
carbon composite, the space left by removal of silica, and the
interparticle pores between primary carbon particles. Such
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Figure 3. STEM images of A,B) SC-BN-0.3 and C) the derived carbon C-BN-0.3. The dotted arrow in (B) shows the direction of a line-scan EDX
analysis of SC-BN-0.3. D) The line scan reveals the nature of mainly carbon and silica at spots x, and xg, respectively. E) EDX spectrum of C-BN-

0.3 on a rectangular region of image (C).

primary carbon particles are around 10-50 nm in size and
mainly microporous, as revealed by the high-resolution TEM
images (Figure 4). The EDX spectrum of C-BN-0.3 (Fig-
ure 3E) suggests the complete removal of silica and the

Figure 4. High-resolution TEM images of C-BN-0.3.

presence of certain amounts of heteroatoms, such as nitrogen
and sulfur, all of which come from the IL. X-ray photo-
electron spectroscopy (XPS) analysis of C-BN-0.3 shows the
contents of nitrogen and sulfur are 10.6 and 1.2 at%,
respectively (Figure S1 and Table S1 in the Supporting
Information). XPS measurements of other carbon materials
show similar results.

Figure 5 shows the N, adsorption—desorption isotherms of
the silica—carbon composites as well as their carbon deriva-
tives. Pronounced capillary condensation steps were found at
relative pressures of 0.85-1.0, thus indicating the presence of
large mesopores and macropores, which agrees well with the
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Figure 5. N, adsorption—desorption isotherms of A) silica—carbon compo-
sites and B) the derived porous carbons after removal of silica.

observations by STEM and high-resolution TEM. Interest-
ingly, as more [Bmim][NTf,] was used, the obtained silica—
carbon composites became less mesoporous but more micro-
porous (see also Table 1). For example, the composite SC-
BN-2.0 exhibited the highest BET surface area and the largest
micropore volume but the lowest meso/macropore volume.
However, the derived carbon materials followed a trend of
decreasing BET surface area with increasing amount of
[Bmim][NTH,], the reverse of the behavior observed with the
parent silica—carbon composites. Although all carbon materi-
als exhibited almost identical microporosity, they differed
greatly in meso/macroporosity, and ranged from high meso/
macropore volume for C-BN-0.3 to mainly microporosity for
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C-BN-2.0 (Table 1). Such a sharp difference in textural
properties of the silica—carbon composites and carbon
materials can be attributed to the variation of phase
separation within the gels containing different amounts of
IL.1% These results demonstrate the feasibility of control over
the pore architecture of the silica—carbon composites and
carbon materials by simply varying the amount of IL used as a
solvent.

In addition to [Bmim][NTH,], other ILs, such as 1-ethyl-3-
methylimidazolium tetracyanoborate ([Emim][B(CN),]),
have also been used to prepare porous silica—carbon compo-
sites and thereafter nitrogen- and boron-functionalized
carbon materials (see XPS results in the Supporting Informa-
tion). The method also allows us to make porous titania—
carbon composites. Figure 6 shows the XRD pattern of a
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Figure 6. XRD pattern of a carbon-anatase nanocomposite.

porous carbon-anatase composite (C/TiO,-BN-0.5, see the
STEM images in the Supporting Information). These results
indicate that the method reported herein is versatile and
general enough to produce functional porous carbon materi-
als and porous carbon-oxide composites with potential for
use in many areas, for example, as electrode materials for
lithium-ion batteries and supercapacitors.!'*!

In summary, a general approach towards functionalized
porous carbon and porous carbon—oxide composite materials
with controlled pore architectures has been developed by the
confined and oxide-catalyzed carbonization of ILs trapped
within an oxide framework, which can be easily fabricated by
nonhydrolytic sol-gel processing using ILs as solvents.

Experimental Section

Synthesis: Typically, TEOS (1.0 mL) was mixed with [Bmim][NT%,]
(0.3-2.0 mL) in a glass vial, followed by the addition of formic acid
(1.0 mL). Depending on the amount of [Bmim][NTf,] used, silica-
based gels were formed within 1-3 h. After aging and drying to
evaporate volatile solvents, transparent and clear monolithic silica
gels containing different amounts of IL were obtained. Carbonization
was performed by heating the gels to 800°C for 2 h at a heating rate of
2°Cmin~! under flowing N,. Carbon-titania composites were pre-
pared in a similar way. In a typical synthesis, titanium butoxide

Angew. Chem. 2010, 122, 68146818

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

(Ti(OBu),; 1.0 mL) was mixed with [Bmim|[NTf,] (0.5 mL) in a glass
vial, followed by the addition of acetic acid (1.0 mL) and formic acid
(0.1 mL). After aging and drying at room temperature overnight, the
gel was cured at 100°C for 24 h. Heat treatment was carried out at
600°C for 4 h at a heating rate of 2°Cmin' under flowing N,. The
obtained carbon-titania composite was denoted as C/TiO,-BN-0.5.

Characterization: N, sorption isotherms were recorded on a
Micromeritics Tristar analyzer at —196°C (77 K). Prior to measure-
ment, the sample was purged with flowing N, at 150°C for 3 h. The
specific surface area was calculated using the BET method from the
nitrogen adsorption data in the relative range (P/P,) of 0.05-0.20. The
total pore volume (V,,,) was determined from the amount of N,
uptake at P/P,=0.95. The micropore volume (V,,.,) Was estimated
using the Dubinin—Radushkevich plots. The meso/macropore volume
was calculated by subtraction of the micropore volume from the total
pore volume (Ves04macro = Viot— Vimicro)- STEM images were obtained
on a Hitachi HD-2000 STEM microscope operating at 200 kV under
the SE and TE modes. High-resolution TEM images were taken on an
FEI Titan microscope operating at 300 kV. Each image was recorded
from an area without prebeam illumination to minimize any possible
beam irradiation. The XRD pattern of C/TiO,-BN-0.5 was recorded
on a Siemens D5005 diffractometer operating at 40 kV and 40 mA.
XPS experiments were run on a Thermo Fisher Scientific K-Alpha
XPS instrument. Survey scans were obtained using a pass energy of
200 eV, while high-energy-resolution scans of specific elements were
obtained using a 50 eV pass energy.
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