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Introduction

Owing their excellent chemical stability, large surface area,
and versatile structural properties, porous carbon materials
have received wide applications in the field of catalysis.[1]

Among all reported porous carbon materials, the most at-
tractive members are the ordered mesoporous carbons
(OMC),[2] which are synthesized by nanocasting with or-
dered mesoporous silica[3] as a hard substrate. The nano-
structure, electronic properties, and surface functionalities
of mesoporous carbons is highly dependent on the carbon

source and synthetic conditions.[4] Carbon materials contain-
ing heteroatoms were found to have improved physical and
chemical properties.[4–9] Antonietti et al.[10] and Dai et al.[11]

independently proposed a new strategy for the synthesis of
nitrogen-doped carbon materials from nonvolatile, task-spe-
cific, ionic liquids with either nitrile-functionalized imidazo-
lium cations or cyanide-containing anions. Amongst the out-
standing characteristics of these hybrid carbon materials are
their high stability against thermal decomposition and tuna-
ble electronic properties. There has been no report, howev-
er, on the application of ionic-liquid-derived mesoporous
carbons used as a support in chemical transformations.
Herein, we present the synthesis of a novel nano-fibrillated
mesoporous carbon by means of carbonization of a novel
task-specific, ionic liquid, 1-methyl-3-phenethyl-1H-imidazo-
lium hydrogen sulfate (1), in the presence of ordered meso-
porous silica SBA-15[3b] as a structure-transducing agent.[12]

It was also found that our new fibrous mesoporous carbon is
an excellent support for the immobilization and stabilization
of Pd nanoparticles and resulted in a highly effective and re-
cyclable catalyst with outstanding performances at low tem-
perature on water. Using compelling X-ray photoelectron
spectroscopy (XPS) and electron tomography (ET) studies,
we also discuss the effect of ultra-structural feature of our
novel fibrous mesoporous carbon on the high unprecedented
reactivity, and high stability of our catalyst system in the
aerobic oxidation of alcohols on water.

Abstract: A novel nano-fibrillated mes-
oporous carbon (IFMC) was successful-
ly prepared via carbonization of the
ionic liquid 1-methyl-3-phenethyl-1H-
imidazolium hydrogen sulfate (1) in
the presence of SBA-15. The material
was shown to be an efficient and
unique support for the palladium nano-
particle (PdNP) catalyst Pd@IFMC (2)
in aerobic oxidation of heterocyclic,
benzylic, and heteroatom containing al-
cohols on pure water at temperatures
as low as 40 8C for the first time and
giving almost consistent activities and
selectivities within more than six reac-
tion runs. The catalyst has also been
employed as an effective catalyst for

the selective oxidation of aliphatic and
allylic alcohols at 70–80 8C. The materi-
als were characterized by X-ray photo-
electron spectroscopy (XPS), N2 ad-
sorption–desorption analysis, transmis-
sion electron microscopy (TEM), and
electron tomography (ET). Our com-
pelling XPS and ET studies showed
that higher activity of 2 compared to
Pd@CMK-3 and Pd/C in the aerobic
oxidation of alcohols on water might
be due to the presence of nitrogen

functionalities inside the carbon struc-
ture and also the fibrous nature of our
materials. The presence of a nitrogen
heteroatom in the carboneous frame-
work might also be responsible for the
relatively uniform and nearly atomic-
scale distribution of PdNPs throughout
the mesoporous structure and the in-
hibition of Pd agglomeration during
the reaction, resulting in high durabili-
ty, high stability, and recycling charac-
teristics of 2. This effect was clearly
confirmed by comparing the TEM
images of the recovered 2 and
Pd@CMK-3.
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Results and Discussion

SBA-15 was prepared using pluronic P123 (EO20PO70EO20,
Mav = 5800, Aldrich) and (EtO)4Si under acidic conditions.[3]

In order to produce the described mesoporous carbon mate-
rials, a dispersion of a mixture of SBA-15 and compound
1 was prepared and heated at 900 8C for 3 h under the flow
of Ar. The silica component was dissolved by stirring the re-
sulting product in 8 % (w/v) NaOH aqueous solution for
24 h at 50 8C, followed by successive washings with copious
amount of deionized water and ethanol, and freeze dried to
yield the powdered mesoporous carbon material, which is
referred to as ionic-liquid-derived fibrillated mesoporous
carbon (IFMC). IFMC was characterized by X-ray photo-
electron spectroscopy (XPS), N2 adsorption–desorption
analysis, transmission electron microscopy (TEM), and elec-
tron tomography (ET). The N2 adsorption–desorption iso-
therm of IFMC exhibited reversible capillary condensation/
evaporation type-IV with an H2 hysteresis loop, which is
characteristic of mesoporous materials. The nitrogen-sorp-
tion analysis also demonstrated that the IFMC has a BET
surface area of 778 m2 g�1 and a primary pore volume of
0.98 cm3 g�1. The indistinct capillary condensation steps,
compared with the parent SBA-15 template (Figures S2 and
S3 vs. S5 and S6 in the Supporting Information), suggest
a relatively broad size distribution for IFMC. This is in
sharp contrast with those often observed for ordered meso-
porous carbons with narrow pore size distributions. In addi-
tion, adsorption isotherms do not level off at relative pres-
sures p/p0>0.8, but increase, suggesting the presence of in-
terparticle textural porosity in IFMC samples with high ex-
ternal surface area. The Barrett–Joyner–Halenda (BJH)
pore size distribution of IFMC calculated from the adsorp-
tion branch further confirms the broad pore size distribu-
tion, with maxima centered at 3.3 nm. X-ray photoelectron
spectroscopy (XPS) was employed to gain additional insight
into the nature of the IFMC at atomic scale (Figure S7, Sup-
porting Information). The signals located at about 285, 403,
and 535 eV were assigned to C, N, and O, respectively.[13, 14]

High-resolution TEM and electron tomography were used
to investigate the ultrastructure of the IFMC. The results in-
dicated that the particle size of the IFMC samples (500 to
1000 nm) were identical to that SBA-15. The internal struc-
ture of these two materials is distinct from each other.
While SBA-15 displays an ordered layer structure (Figure S1
in the Supporting Information), IFMC consists of bundle of
nanofibers composed of nano-sized platelike particles (Fig-
ure 1 a, and Figure S4 in the Supporting Information). These
images exhibit the formation of a relatively well-ordered
array of carbon nanofibers, a feature that has not been re-
ported in the previous OMC templated from SBA-15.[1f, 2b–c,4]

This is to some extent surprising, because in our described
method, it seems that SBA-15 was serving as a structural
guide for the formation of nano-fibrillated carbon rather
than a mould, which is normally observed in nanocasting-
based protocols. The exact reason for the formation of these
fibrillated structures in our IFMC is unclear at the moment.

To provide more insight into how structural properties of
IFMC could influence the catalyst performance and reusa-
bility of supported palladium species (Pd@IFMC, 2), the
ability of IFMC to immobilize and stabilize palladium nano-
paticles in the aerobic oxidation of alcohols was investigat-
ed. Based on these results, it is evident that IFMC provides
an efficient water-tolerant heterogeneous Pd-based catalytic
system with unprecedented performance in the selective
aerobic oxidation of alcohols into the carbonyl compounds
in aqueous medium at low temperature. To prepare the
Pd@IFMC, a uniform slurry of the IFMC in dry degassed
tetrahydrofuran (THF) was allowed to react with an appro-
priate concentration of Pd ACHTUNGTRENNUNG(OAc)2 in THF, followed by re-
duction using hydrazine hydrate according to the reported
procedures with slight modifications.[12,15]

A monomodal distribution of crystalline metallic Pd parti-
cles ranging in size between 2–4 nm was observed in the
TEM and HRTEM images of Pd@IFMC (Figure 1 b–d and
Figure S8 in the Supporting Information). ET and 3D-recon-
struction (see Methods section in the Supporting Informa-
tion) were also applied to visualize the ultrastructure of the
Pd@IFMC particles and distribution of the PdNPs on the
mesoporous carbon matrix. (Figure 2, and Figure S19–S22 in
the Supporting Information). The results clearly demon-
strates that the PdNPs are not only associated with the ex-
ternal surface, but they are also well distributed inside the

Figure 1. TEM images of Pd@IFMC. a) The fibrilar structure is clearly
visible at low magnification. b) PdNPs and nanopores of the carbon
matrix are easily detectable at higher magnification at underfocus values.
c) Individual PdNPs with diameter between 2–4 nm are visible at high
magnification. d) HRTEM image shows the crystalline structure of
PdNPs having a d-spacing of 0.28 nm with the corresponding selected-
area electron diffraction pattern (inset).
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mesopores of carbon particles (Figures 2 d and 3 and Fig-
ure S20 in the Supporting Information). Although, a relative-
ly high Pd concentration of 5 % was used, no evident of
PdNPs agglomeration was observed. The uniform distribu-
tion of the PdNPs is attributed to the high porosity and
large surface area as well as the nanostructure of the IFMC.
The porous structure of this material is evident in the tomo-
gram shown in Figure 2. It is composed of bundels of ap-
proximately 10 nm thick fragmented carbon rods (Figure 2 b
and Figure S19 in the Supporting Information). The signals
at 340.3 and 335.2 eV in the XPS spectrum were assigned to
Pd 3d binding energies (Figure S11 in the Supporting Infor-
mation). In particular, the binding energy of Pd 3d5/2 for the
described Pd@IFMC sample was observed at 335.2 eV,
which clearly confirms the presence of Pd in metallic (Pd0)
states.[14] The N2-adsorption isotherm and pore size distribu-
tion of Pd@IFMC showed significant differences to those of

the original IFMC, indicating that the immobilization of
PdNPs has been successfully achieved. The N2 sorption re-
sults also confirm the stability of the porous structure after
metal doping (Figures S9 and S10 in the Supporting Infor-
mation).

The catalytic performance of Pd@IFMC was investigated
in the aerobic oxidation of alcohols. The selective oxidation
of the alcohols to their carbonyl compounds using molecular
oxygen or air in the presence of heterogeneous and recycla-
ble catalysts has attracted great attention in recent years.[16]

In particular, the development of new efficient catalyst sys-
tems for aerobic oxidation of alcohols in green solvents such
as water appears very appealing.[17] Amongst them, different
supported and homogeneous catalyst including either palla-
dium complexes or palladium nanoparticles have been de-
veloped for the aerobic oxidation of alcohols in water.[17b–e]

On the other hand, despite the significant progresses in im-
proving catalytic activities, selectivities, substrate scopes, and
recyclabilities, the majority of heterogeneous Pd based cata-
lysts require high reaction temperatures (normally up to 80–
110 8C), which are not suitable for thermally unstable sub-
strates. Although several carbon-based metal catalysts such
as Pd/C,[18] Pt/C,[17h,19] Au/C,[20] and Ru/C,[17a,21] have been de-
veloped for aerobic oxidation of alcohols, the use of high
pressure of oxygen or air, high reaction temperature, and/or
high catalyst loading (up to 5 mol %) are necessary to
obtain satisfactory results. In addition, it is known that many
of the reported carbon-supported catalysts are inactive for
the aerobic oxidation of alcohols in water.[17a] Notably, to
the best of our knowledge, highly selective and efficient
aerobic oxidation of alcohols in neat water at atmospheric
pressure of air or oxygen and low temperature using hetero-
geneous Pd catalysts has not been reported to date.[22]

The catalytic performance of 2 was first evaluated for the
aerobic oxidation of 1-phenyl ethanol as a test reaction
under different conditions. In this regard, we were interested
in combining the advantages of using molecular oxygen or
air as terminal oxidants with the possibility to use water as
the reaction medium.

An initial experiment was carried out by using 0.5 mol %
of 2 under atmospheric pressure of O2 on water at room
temperature. We prefer to use the term “reaction on water”
instead of “reaction in water”, because most of the alcohols
which are used in our study are certainly water insoluble.[23]

Interestingly, we found that the catalyst exhibited high cata-
lytic activity and led to acetophenone in unexpected yields
of 70 % within 24 h (Table 1, entry 1). It was also noted that
by a slight increase in the reaction temperature to 40 8C
greatly enhanced the reaction efficiency, leading to a quanti-
tative formation of acetophenone (Table 1, entries 2, 3). In
separate experiments, the use of Pd@CMK-3 and commer-
cially available Pd/C were shown to give inferior results,
confirming the crucial role of our novel IFMC in obtaining
excellent reactivity at temperatures as low as 40 8C (Table 1,
entries 4, 5). Moreover, our previously developed catalyst
system (Pd@SBA-15) was quite inactive in the same trans-
formation under identical reaction conditions (Table 1,

Figure 2. Electron tomographic images of Pd@IFMC. a) Projection of re-
constructed volume. b) A 1 nm middle slice through the reconstruction.
c) 3D surface representation of a portion of the tomogram presented in
a) with individual fibers clearly visible. d) Localization of PdNPs (blue)
at the exterior of individual fibers. Two contour levels are presented in
the figure. Scale bar is 50 nm in a) and b), and 20 nm in c) and d).

Figure 3. Diagram of the structure for Pd@IFMC: PdNPs (blue) are lo-
cated on the exterior of the carbon fibers (brown) and within the inter-
particle mesopores.
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entry 6).[24] A study of the same oxidation reaction in tolu-
ene and acetonitrile identified that this reaction was very
sensitive to solvent, and interestingly pure water was the op-
timum choice of solvent (Table 1, entries 7–10). Next, cata-
lyst loading was successfully reduced to 0.4 mol % without
any loss of the reaction efficiency, while it was necessary to
increase the reaction time to 24 h in order to ensure com-
plete conversion (Table 1, entries 11, 12). It is worth noting
that a further decrease in the catalyst loading from
0.4 mol % to lower ratios resulted in considerably lower
yields (Table 1, entries 13, 14). Furthermore, no detectable
oxidation occurred in the blank run and in those using the
parent IFMC and CMK-3 or in the absence of solvent under
the same reaction conditions (Table 1, entries 15–18). Nota-
bly, the present reaction is very sensitive to the amount of
K2CO3 (entry 19, 20) and is very sluggish in the absence of
K2CO3 even at 80 8C (Table 1, entry 21). To further deter-
mine the optimal experimental conditions, the impact of var-
ious bases such as K2CO3, Na2CO3, Cs2CO3, NaOH, and

K3PO4 were also studied. While all bases gave good-to-ex-
cellent product yields, only K2CO3 and Cs2CO3 resulted in
quantitative formation of acetophenone under otherwise op-
timized reaction conditions (Table 1, entries 12, 22–25). We
have chosen to employ K2CO3 as the base in the subsequent
studies because it is much less expensive than Cs2CO3.

With the optimal reaction conditions established, we next
examined the scope of this new catalytic aerobic oxidation

reaction. As summarized in Table 2, various types of pri-
mary and secondary benzylic alcohols were selectively oxi-
dized to their corresponding carbonyl compounds in excel-
lent yields at 40 8C on water (Table 2, entries 1–11). It is also
worth noting that the heterocyclic and heteroatom-contain-
ing alcohols are also compatible in this oxidation reaction
(Table 2, entries 12, 13), which are generally problematic
with many transition-metal-mediated aerobic oxidation pro-
tocols. It is interesting to note that highly efficient and selec-
tive aerobic oxidation of primary benzylic alcohols could be
still achieved at room temperature (25–30 8C), but relatively
longer reaction times were required for quantitative conver-
sion (Table 2, entries 14–18). Such a high catalytic activity in
the liquid-phase oxidation of alcohols on water at room
temperature and at atmospheric pressure of O2 using sup-
ported palladium catalysts has, to our knowledge, not yet
been reported.[22]

One of the interesting features of this protocol is its capa-
bility to oxidize sterically demanding substrates, although in
these cases somewhat higher temperatures were needed to

Table 1. Optimization of the aerobic oxidation of 1-phenyl ethanol using
various solvents, Pd supported catalysts, and different temperatures.

Catalyst[a]ACHTUNGTRENNUNG(x mol %)
T
[8C]

Base Solvent t
[h]

Yield[b]

[%]

1 2 (0.5) RT K2CO3 H2O 24 70
2 2 (0.5) 35 K2CO3 H2O 24 91
3 2 (0.5) 40 K2CO3 H2O 15 >99
4 Pd@CMK-3 (0.5) 40 K2CO3 H2O 15 50
5 Pd/C (0.5) 40 K2CO3 H2O 15 18[c]

6 Pd@SBA-15 (0.5) 40 K2CO3 H2O 15 <5[23]

7 2 (0.5) 40 K2CO3 toluene 15 68
8 2 (0.5) 40 K2CO3 toluene 48 71[d]

9 2 (0.5) 40 K2CO3 CH3CN 15 56
10 2 (0.4) 40 K2CO3 H2O 15 81
11 2 (0.4) 40 K2CO3 H2O 24 >99
12 2 (0.3) 40 K2CO3 H2O 15 75
13 2 (0.3) 40 K2CO3 H2O 24 86
14 IFMC 40 K2CO3 H2O 15 NR
15 CMK-3 40 K2CO3 H2O 15 NR
16 – 40 K2CO3 H2O 15 NR
17 2 (0.5) 40 K2CO3 – 15 <5[e]

18 2 (0.5) 40 K2CO3 H2O 15 95[f]

19 2 (0.5) 40 K2CO3 H2O 15 79[g]

20 2 (0.5) 80 – H2O 24 25
21 2 (0.5) 40 NaOH H2O 15 88
22 2 (0.5) 40 Na2CO3 H2O 15 82
23 2 (0.5) 40 Ce2CO3 H2O 15 >99
24 2 (0.5) 40 K3PO4 H2O 15 76
25 Pd@CMK-3 (0.5) 40 K2CO3 H2O 15 15[h]

26 Pd@CMK-3 (0.5) 40 K2CO3 H2O 15 15[h]

[a] For the purpose of better comparison 5 % Pd loadings were utilized
for all studied supported palladium catalysts. [b] GC yields using biphen-
yl as internal standard after work-up. [c] The 5 wt % Pd/C catalyst was
obtained from Merck Company. [d] About 10 % benzoic acid was ob-
tained as byproduct. [e] The reaction was carried out under solvent-free
reaction conditions. [f] The reaction was carried out in the presence of
0.9 equivalents of K2CO3. [g] The reaction was carried out in the present
of 0.5 equivalents of K2CO3. [h] The reaction was carried out using the
recovered Pd@CMK-3.

Table 2. Aerobic oxidation of benzylic alcohols using Pd@IFMC 2 on
water.

Ar R t [h] Yield [%][a]

O2 air O2 air

1 Ph H 5 10 >99 >99[b]

2 4-(Cl)-C6H4 H 12 24 >99 >99[b]

3 3-(Cl)-C6H4 H 10 24 >99 >99[b]

4 4-(MeO)-C6H4 H 2 8 >99 >99[b]

5 4-(Me)-C6H4 H 3 8 >99 >99[b]

6 Ph Me 12 24 >99 91[b]

7 Ph Et 15 24 >99 90[b]

8 Ph CH2Ph 18 24 >99 83[b]

9 PhC(O) Ph 10 24 >99 >99[b]

10 Ph Ph 24 24 >99 78[b]

11 cyclohexyl Ph 24 72
12 3-pyridyl Me 24 60
13 4-(MeS)-C6H4 H 15 50
14 Ph H 24 >99[c]

15 4-(Cl)-C6H4 H 24 78[c]

16 3-(Cl)-C6H4 H 24 82[c]

17 4-(MeO)-C6H4 H 20 >99[c]

18 4-(Me)-C6H4 H 20 >99[c]

19 2-(Cl)-C6H4 H 24 92[d]

20 2,4-(Cl2)-C6H3 H 24 87[d]

[a] GC yields. [b] 0.7 mol % of the catalyst. [c] Room temperature.
[d] 70 8C.
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obtain excellent results (Table 2, entries 19 and 20). Our
preliminary studies showed that both aliphatic and allylic al-
cohols are less reactive than benzylic alcohols at room tem-
perature and higher reaction temperatures of 70–80 8C were
needed to ensure satisfactory product yields (Table 3).

Similarly, the present catalytic system was amenable to
aerobic oxidation of both primary and secondary aliphatic
alcohols, giving the respective carbonyl compounds in excel-
lent yields with high selectivity (Table 3, entries 1–6) at 70–
80 8C. In this regard, we discovered that several types of pri-
mary and secondary as well as cyclic allylic alcohols could
also be effectively oxidized using the present catalyst system
and gave good-to-excellent yields of the corresponding car-
bonyl products at 70–80 8C under otherwise similar reaction
condition (Table 3, entries 7–10).

It is also worth mentioning that the present catalyst
system could be utilized for oxidation of various types of al-
cohols, even while using the atmospheric pressure of air as
oxidant (Tables 2 and 3). The major challenge when using
small metal nanoclusters and metal-NP-supported catalyst
systems is that their catalytic performance can rapidly di-
minish owing to the gradual agglomeration and formation of
larger inactive aggregates.

To demonstrate the ability of IFMC to stabilize Pd nano-
particles and prevent the formation of Pd-black, the recycla-
bility of 2 was examined by isolating the catalyst from the
reaction mixture of aerobic oxidation of benzyl alcohol
under optimal reaction conditions. In each run, after the
completion of the reaction, the used catalyst was recovered
by centrifugation and then washed with ethyl acetate and di-
chloromethane followed by large amounts of water to
remove any remaining base. The recovered catalyst exhibit-
ed high but slowly decreasing activity over six consecutive
runs (Figure 4 and Figure S18 in the Supporting Informa-
tion). However, Pd leaching was determined by atomic ab-
soption spectroscopy (AAS) to be less than 2 ppm. A
HRTEM image of the recovered catalyst after the sixth re-

action run shows no appreciable difference in size and distri-
bution of PdNPs compared to the fresh catalyst (Figure 5 a).

This result clearly indicates that no significant agglomera-
tion of PdNPs occurred during the aerobic oxidation reac-
tion. Therefore, the slowly decreasing in catalyst activity
may be to some extent due to loss of Pd at the ppm level
and also the partial loss of the catalyst during the recovery
and washing stages. The N2 physisorption measurement of
the recovered catalyst also revealed an isotherm characteris-
tic for mesoporous material with capillary condensation step
at p/p0�0.4–0.8. The mean pore diameter and pore volume,
as determined from the adsorption branch by the BJH
method, are 2.42 nm and 0.52 cm3 g�1, respectively. The sur-
face area, evaluated by the classical BET method, was
529 m2 g�1. This nitrogen adsorption isotherm shows that,
even after six runs, the material mostly retains its initial po-
rosity and nanostructure.

Based on XPS data and ET studies, one reason for higher
activity of 2 compared to Pd@CMK-3 and Pd/C in the aero-
bic oxidation of alcohols on water might be due to the pres-
ence of nitrogen functionalities inside the carbon structure
and also the fibrous nature of our materials. The presence of

Table 3. Aerobic oxidation of alcohols using Pd@IFMC 2 on water.

R1 R2 t [h] Yield [%][a]

O2 air O2 air

1 1-octanol 24 24 98[b] 67[b]

2 2-octanol 24 24 90[c] 58[c]

3 PhCH2CH2 Me 24 93[c]

4 cycloheptanol 24 24 98[c] 54[c]

5 cyclohexanol 24 95[c]

6 Ph ACHTUNGTRENNUNG(CH2)3 H 24 95[b]

7 2-cyclohexen-1-ol 15 24 >99 88[c]

8 cinnamyl alcohol 24 84
9 1-methyl-3-phenyl-2-propen-1-ol 24 80

10 1,3-diphenyl-2-propen-1-ol 24 88

[a] GC yields. [b] 1 mol % of the catalyst and 5 mol % of TEMPO at
80 8C. [c] 1 mol % of the catalyst at 80 8C.

Figure 4. Recyclability chart of the aerobic oxidation of benzyl alcohol
using Pd@IFMC 2.

Figure 5. TEM images a) TEM image of the recovered catalyst after the
6th reaction runs (left) and b) Pd@CMK-3 from the aerobic oxidation of
1-phenylethanol on water (right). Scale bars are 5 nm in both images.
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nitrogen heteroatoms in the carboneous framework might
also be responsible for the relatively uniform distribution of
PdNPs throughout the mesoporous structure and the inhibi-
tion of Pd agglomeration during the reaction, resulting in
high durability, high stability, and recycling characteristics of
2. In order to further clarify this issue, we isolated
Pd@CMK-3 from the aerobic oxidation of benzyl alcohol
under optimal reaction conditions. The recovered
Pd@CMK-3 was then studied by using transmission electron
microscopy to hopefully find a reason for the lower activity
of Pd@CMK-3. As can be clearly seen in this image (Fig-
ure 5 b vs. 5a) Pd@CMK-3 showed an extensive agglomera-
tion after the first reaction cycle under our described reac-
tion conditions. This observation supports the notion that
the extensive agglomeration of PdNPs in Pd@CMK-3 during
the first reaction cycle is the major reason for its lower ob-
served activity (Table 1, entry 25).

Conclusion

In conclusion, a novel mesoporous carbon (IFMC) with
a uniqe nano-fibrous morphology was successfully prepared
through the carbonization of ionic liquid 1-methyl-3-phe-
nethyl-1H-imidazolium hydrogen sulfate (1) in the presence
of SBA-15 as structural transducing agent. The material was
then used as a powerful and effective support to stabilize
PdNPs. The resulting composite material (Pd@IFMC; 2)
was shown for the first time to be an active catalyst for aero-
bic oxidation of alcohols with either molecular oxygen or air
on water at room temperature and also at 40 8C, which is
relatively low for such reactions. Remarkably, the current
Pd@IFMC catalyst system shows much higher catalytic ac-
tivity compared to Pd@CMK-3 and well-known Pd/C cata-
lyst systems. It also shows superior reactivity than the previ-
ously reported metal NP/carbon catalyst systems on neat
water at low temperatures. Besides the easy recovery and
reusability of this catalyst, the employment of very mild re-
action conditions and the possibility to perform the transfor-
mation in the absence of any organic solvent make this cata-
lyst system a valuable candidate for green chemistry pro-
cesses. We speculate that the unique properties discovered
in the present nano-fibrillated mesoporous carbon would
open new challenging areas in the design and synthesis of
new types of supported catalyst systems employing various
transition-metal nanoparticles for application in organic cat-
alytic reactions under mild reaction conditions.

Experimental Section

General information : Pluronic P123 (EO20PO70EO20 (EO = ethylene
oxide, PO= propylene oxide), Mav = 5800) was purchased from Aldrich.
Palladium(II) acetate was obtained commercially from Acros Organics.
1-Methylimidazole, 2-phenylethyl bromide, tetraethyl orthosilicate
(TEOS), sulfuric acid (95–98 %), hydrochloric acid (37 %) and solvents
were obtained from Merck Company and used without purification. (3-
Mercaptopropyl)triethoxysilane and anhydrous potassium carbonate

were purchased from Fluka. 1,3-Dialkylimidazolium bromide was pre-
pared according to standard methods and their purities were established
before utilization by 13C NMR and 1H NMR. Briefly, a solution of dry
toluene (50 mL), freshly distilled 1-methylimidazole (73.1 mmol) and 2-
bromo-1-phenylethane (80.3 mmol) was refluxed for 24 h under an argon
atmosphere. The resulting two phase reaction mixture was then allowed
to cool at room temperature. The separated ionic liquid (IL) layer was
washed with dry toluene and dry Et2O and dried under vacuum. The
anion-exchange reaction was carried out in dry methylene chloride con-
taining 1 mmol of 1,3-dialkylimidazolium bromide and 1 mmol of H2SO4.
The solution was refluxed for 48 h until any hydrogen chloride by-prod-
uct was removed. After evaporation of the solvent under vacuum, 1-
methyl-3-phenethyl-1H-imidazolium hydrogen sulfate (MPIHS) 1 was
isolated in good yield.

The carbonization process was performed in a Nabertherm furnace (L 3/
11/P330) under an inert atmosphere of Ar. The pore structures of the
prepared materials were observed by transmission electron microscopy
(Philips CM-200 and Titan Krios TEM, see Supporting Information) and
were verified further by the nitrogen sorption isotherm (Belsorp,
BELMAX, Japan). The palladium content of the catalyst was determined
using atomic absorption spectrometry (Varian) using the standard addi-
tion method. Gas chromatography analyses were performed on Varian
CP-3800 using a flame ionization detector (FID) using suitable internal
standards. NMR spectra were recorded using a Bruker (1H frequency:
400 MHz, 13C frequency: 100 MHz).

Preparation of SBA-15 : Briefly, 0.017 mol of pluronic P123
(EO20PO70EO20 (EO =ethylene oxide, PO = propylene oxide), Mav =

5800, Aldrich) was dissolved in 193 mol of H2O and 5.9 mol of concen-
trated HCl at 35 8C. Consequently, 1 mol of tetraethyl orthosilicate
(TEOS) was added to the solution. The mixture was stirred vigorously at
35 8C for 20 h followed by an aging step at 80 8C for 24 h. The solid prod-
ucts were filtered off and washed with ethanol. After drying at room-
temperature, SBA-15 was obtained by subsequent removal of the surfac-
tant by extraction with ethanol.

Preparation of IFMC (Ionic Liquid derived Nano Fibrillated Mesoporous
Carbon): To synthesize IFMC, a dry acetonitrile solution of IL (1 mL of
1-methyl-3-phenethyl-1H-imidazolium hydrogen sulfate (MPIHS) 1 in
25 mL of acetonitrile) was added drop wise to a suspension of SBA-15 in
acetonitrile. After 24 h of stirring at room temperature, the solvent was
removed under reduced pressure. The resultant powder was impregnated
with an aqueous solution of sulfuric acid (4 g H2O, 0.14 g H2SO4) and
placed at 100 8C in a vacuum drying oven. After 6 h, the oven tempera-
ture was increased to 160 8C and maintained for 6 h until a dark brown
powder was obtained. MPIHS 1 (0.4 mL) was incorporated again into
mesoporous silica hosts by the same procedure. The SBA-15/1 composite
was then kept in an argon flow at 900 8C for 3 h to carbonize the IL. In
order to remove the silica template, the black powder was stirred in a so-
lution of 2 m sodium hydroxide at 50 8C for 24 h. The filtered nanoporous
carbon was washed several times with deionized water and ethanol and
vacuum dried.

Preparation of Pd@IFMC 2 (IFMC-stabilized Pd nanoparticles): A sus-
pension of IFMC (50 mg) in dry degassed THF (40 mL) was placed in
a 100 mL round-bottom flask and sonicated for 30 min. PdACHTUNGTRENNUNG(OAc)2

(0.036 mmol) was dissolved in THF (20 mL) and added to the IFMC sus-
pension. To prepare the PdNPs onto IFMC, hydrazine hydrate (10 mL)
was added to the suspension under vigorous stirring. After vigorous stir-
ring at room temperature for 1 h, one drop of 30% H2O2 was added. The
resulting Pd@IFMC 2 was filtered, washed several times with THF, and
dried. The ILMC-stabilized PdNPs was stored in a sealed container.

Preparation of CMK-3 (carbon mesoporous from Korea):[2a] Typically,
the resultant template-free SBA-15 was impregnated with an aqueous so-
lution of sucrose (1.25 g sucrose in 5 g H2O) containing 0.14 g sulfuric
acid and placed in a vacuum drying oven at 100 8C. After 6 h the oven
temperature was increased to 160 8C and maintained for 6 h until a dark
brown or black powder was achieved. The impregnation step was repeat-
ed once with sucrose (0.8 g). The resultant composite was kept in an
argon flow at 900 8C for 2 h to carbonize the sucrose. In order to remove
the silica template, the black powder was stirred in a solution of ethanol
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and 1m sodium hydroxide at 50 8C for 8 h. The CMK-3 carbon was fil-
tered, washed several times with ethanol, and dried.

General procedure for the oxidation of alcohols : A mixture of alcohol
(1 mmol), Pd@IFMC 2 (0.5 mol %), and K2CO3 (1.0 mmol) on pure de-
ionized water (4 mL) was prepared in a two-necked flask. The flask was
then evacuated and refilled with pure oxygen (balloon filled). The result-
ing mixture was stirred at 40 8C for the time indicated in Tables 2 and 3.
The progress of the reactions were monitored by GC analysis using the
internal standard method.
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A Nano-Fibrillated Mesoporous
Carbon as an Effective Support for
Palladium Nanoparticles in the
Aerobic Oxidation of Alcohols “on
Pure Water”

Chemical aerobics! A new nano-fibril-
lated mesoporous carbon were success-
fully prepared by the carbonization of
the ionic liquid 1-methyl-3-phenethyl-
1H-imidazolium hydrogen sulfate in
the presence of SBA-15. The material
was shown to be an efficient and
highly exciting support for PdNPs cata-
lyst in aerobic oxidation of alcohols
with on pure water at temperature as
low as 40 8C for the first time.

The selective aerobic oxidation……of alcohols to
the corresponding carbonyl compounds occurs effec-
tively “on water” in the presence of Pd nanoparti-
cles (blue circles) supported on a novel nano-fibril-
lated mesoporous carbon (Pd@IFMC). The 3D-
Electron tomogram of Pd@IFMC is depicted on
a drop of water (as the background) to highlight the
“green” feature of the process. For more informa-
tion see the Full Paper by B. Karimi et al. on page
&& ff.
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