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Rational design of carbon support to prepare ultrafine-

iron-oxide catalyst for air oxidation of alcoholsT

Longlong Geng,* Min Zhang,* Wenxiang Zhang,* Mingjun Jia," Wenfu Yan"® and
Gang Liu**

A kind of mesoporous carbon supports with abundant surface functional groups and tunable pore size
were prepared using a modified hard-template route. They were demonstrated to be efficient supports for
fabricating ultrafine-iron-oxide catalysts, and the resultant catalysts exhibit an obviously higher activity
in air oxidation of several benzyl alcohols compared with the catalysts with other synthetic carbon as
supports. The concrete role of carbon support in the catalyst design was investigated in detail. The
negatively charged surface oxygen functional groups serve as strongly active sites for anchoring
positively charged Fe*" ions and lead to high dispersion of iron oxide species. These oxygen functional
groups also provide a suitable coordinate environment to increase the electron density of iron centres and

form efficient active sites for the oxidation of benzyl alcohols with molecular oxygen.

Introduction

Catalytic oxidation of alcohols and carbohydrates with molecular
oxygen as benign oxidant has attracted considerable attention from
the viewpoint of green sustainable chemistry.' This chemical process
is mainly carried out over supported noble metal catalysts-for
example, gold, palladium, rhodium, and ruthenium.? However, the
high price, limited availability and potential toxity of these noble
metals have spurred interest in catalysis with more earth-abundant
and bio-relevant metals alternatives.’ Iron is one of the ideal metal
elements. It is the second most abundant metal in the earth crust and
relatively non-toxic. In heterogeneous catalysis, iron oxides have
important applications in ammonia synthesis, water gas shift and
Fischer-Tropsch process.* Unfortunately, most of iron oxides
catalysts work under drastic conditions (>300°C and high pressure).
Under comparably mild condition, they are catalytically inactive for
the oxidation of alcohols using molecular oxygen as terminal
oxidant.’

Downsizing the particles to nano- or subnanometre is a promising
strategy to change the performance of catalysts.® In a preliminary
work, we used a HNO;-treated CMK-3 mesoporous carbon as
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supports to control the particle size of iron oxides, and firstly
detected that supported ultrafine-iron-oxide (< 2 nm) displays a
certain activity in selective oxidation of benzyl alcohol with air as
oxygen source.’ The intrinsic properties of carbon support seem to be
important factors in the catalyst design. However, the concrete role
of these factors, especially pore structure and surface properties, in
the formation of catalytic active sites is still unclear. Moreover,
carbon material is rather inert. Using post-modification method with
oxidizing agents, the concentration of surface functional group is
terribly low and the pore structure could also be damaged.®° These
have become limitation of designing high-performing catalysts and
identifying the underlying mechanism of supported ultrafine-iron-
oxide catalysts.

Herein, we adopted a straightforward method for the fabrication of
mesoporous carbon with abundant surface functional groups and
tunable pore size. Using these carbons as supports, the activity of
supported iron oxide catalysts was obviously enhanced. The
catalysts can even work at as low as 40°C and 1 atm air pressure,
exhibiting an excellent capability to activate molecular oxygen. The
relationship between nature of the carbon supports and the activity of
resultant catalysts was investigated in detail. It clearly shows that the
efficient carbon supports change not only the physical but also the
chemical properties of iron oxide, and create new active sites for the
catalytic process.

Results and discussion

Scheme 1 illustrates the preparation of mesoporous carbon
(MC) and the supported ultrafine-iron-oxide catalysts
(FeO,/MC). MC was prepared using a modified hard-template
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method involving carbonizing a kind of organic-inorganic
composite containing citric acid, sugar, aluminum and
phosphous ions, followed by removing in-situ formed
aluminophosphate (AIPO) template'® (see the Supporting
Information for the detailed synthesis procedure). MC presents
amorphous mesoporous character and relatively high surface
area (Fig. 1A, Table S1). Three types of MC with the average
pore size of 6.5, 3.8 and 2.9 nm could be obtained by tuning the
ratio of citric acid to sugar in the organic-inorganic composite,
which were denoted as MC-1, MC-2 and MC-3. Large amount
of functional groups (including carboxylic, lactonic and
phenolic groups) was detected on the surface of MC (total
amount is about 3.0 mmolg™, Table S2), which is much higher
than that of HNOs;-treated mesoporous carbon CMK-3 (H-
CMK-3, 1.47 mmolg'l), carbon nanotube (H-CNT, 0.20 mmolg’
") and commercial active carbon (H-AC, 1.01 mmolg™). The in-
situ formed AIPO contributes to the formation of large amount
of surface functional groups. A suitable interaction present
between carbon network and AIPO template, which is mainly
originated from the coordination of citric acid with aluminium
ions in the organic-inorganic complex.'® This interaction could
restrain the complete pyrolysis of carbon precursors during
carbonization, and this part of precursors was turned to surface
functional groups after removing AIPO template.

(]

-
o

7
Citric acid

+
AI(NO;);

Sol-Gel

Evaporation

Carbonization

Fe0,/MC

Scheme 1 Schematic illustration of the synthesis route used to prepare

mesoporous carbon (MC) and supported iron oxide catalyst (FeO,/MC).

MC was used as support to prepare supported iron oxides
catalysts. Simple wet impregnation method was carried out using
Fe(NO3);°9H,0 as iron precursor, and the loading amount of iron
oxides was calculated with Fe,O;. The obtained solids were
calcined at 673 K for 4 h in Ar flow, and the resultant material was
denoted as x wt%FeO,/MC. XRD patterns show that these samples
exhibit two broad peaks assigned to diffractions from the (002),
(100) graphite planes of MC support (Fig. S1). No crystalline phase
related to iron oxide species could be observed, indicating that the
particle size of iron oxides is very small. N, adsorption-desorption
isotherms shows that all samples maintain the mesoporous structure
of MC supports (Fig. 1B). The surface area and pore volume is a
little lower than that of corresponding MC support (Table S1). It
also suggests the high stability of the MC carbon supports.

All the prepared catalysts were tested in selective oxidation of
benzyl alcohol with air as oxidant source (Table 1). It shows that
neither bulk Fe,O3; nor MC supports obtained under the same
preparation condition are active in this reaction (Table 1, entry 11
and 12). The catalysts prepared with HNOjs-treated commercial
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Fig. 1 N, adsorption-desorption isotherms of (A) MC supports: (a) MC-1, (b)
MC-2, (c) MC-3 and (B) the supported iron oxide catalysts: (a) 5wt% FeO,/MC-1,
(b) 5wt% FeO,/MC-2, (c) 5wt% FeO,/MC-3. Inset shows the corresponding pore
size distributions.

carbon as supports display relatively low activity. The conversions
of benzyl alcohol on these catalysts are less than 60% after 8 h
reaction (Table 1, entry 5-7). Under the same reaction condition, all
S5wt%FeO,/MC catalysts with different pore size exhibit a benzyl
alcohol conversion of more than 92% (Table 1, entry 1-3). This
result is much higher than that of the catalyst using HNOs-treated
CMK-3 as support (71.8 % conversion of benzyl alcohol, Table 1,
entry 4). And the selectivity to benzaldehyde is nearly 100%. No
other products such as benzoic acid and/or benzophenone were
detected by GC-MS. TOF of 5wt%FeO,/MC-1 is 6.10 h™!, which is
much higher than other carbon-supported metal oxide catalysts
(Table S3). For ensuring the heterogeneous nature of the catalyst, a
hot filtration test was performed (Fig. S3). After filtration, the
sample originally containing FeO,/MC showed no detectable
subsequent conversion in the filtrate. Besides, the reusability of the
FeO,/MC was also tested. The catalyst can be used more than four
cycles and the activity has no obviously decrease (Fig. S4). In a
further study, we conducted the reaction at an even lower
temperature (Table 1, entry 9-10). A 41.2% conversion was still
achieved at reaction temperature of 40 ‘C. To illustrate the general

Table 1 Catalytic activity of various catalysts for the air oxidation of benzyl
alcohol.?

Entry Catalyst FeO," Temp. [C] C[«:/r:;/ Sle:/eoclt.
1 FeO, /MC-1 5 wi% 80 95.2 99
2 FeO, /MC-2 5 wi% 80 922 99
3 FeO, /MC-3 5 wi% 80 92.1 99
4 FeOx / }i'CMK' 5 W% 80 71.8 >99
5 FeO, /BP-2000 5 wi% 80 54.0 >99
6 FeO, /H-AC 5 W% 80 36.0 >99
7 FeO, /H-CNT 5 Wi% 80 5.9 99
8 FeO, MC-1 025 wi% 80 328 99
9 FeO, /MC-1 5 wi% 60 69.1 99
10 FeO, /MC-1 5 W% 40 412 >99
11 MC-1 - 80 14.9 >99
12 Fe,0; - 80 0.9 >99

 Reaction conditions: benzyl alcohol (1 mmol), catalyst (0.3 g), solvent (toluene 10 mL), air 1
bar, reaction time 8 h. ® The loading amount of FeO, was calculated with Fe, O3,

This journal is © The Royal Society of Chemistry 2012
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applicability of FeO,/MC, the catalyst was extended to air oxidation
of as many as nine benzyl alcohol derivatives, and the results are
presented in Table 2. Swt%FeO,/MC-1 also showed nice activity on
the air oxidation of these benzyl alcohol derivatives, including p-
nitro benzyl alcohol, p-chlorobenzyl alcohol, and 4-Hydroxy-3-
methoxybenzyl alcohol.

Table 2 Catalytic oxidation of aromatic alcohols over 5wt% FeO,/MC-1.%

OH O

/ 7
HyC SWi% FeOX/MC-1 HC
Molecular oxygen (air)
| X | 5
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F F
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86%

@ Reaction conditions: alcohols (1 mmol), catalyst (0.3 g), solvent (toluene 10 mL), 80 C,

air 1 bar, reaction time 8 h. bTemperature 100 C.

TEM and HAADF-STEM images show a nearly homogeneous
dispersion of iron oxide species, and no isolated particles present in
the whole detected region of Swt%FeO,/MC-1 sample even under
high resolution (Fig. 2a-2d). For making clear the composite unit of
iron oxide species, a sample with 0.25wt% FeOy loading amount
was obtain by the same method. This sample is active in the title
reaction (Table 1, entry 8). From the HAADF-STEM image, a few
small iron oxide spots (about 2 nm) could be distinguished (Fig. 2f).
While no isolated aggregated particles can be find in the
corresponding HRTEM image. This result shows that iron oxide
should present with much finer species, which is less than 2 nm.

From HRTEM images, it can be seen that FeO,/MC catalysts
possess disordered but uniform-size mesoporous structure (Fig. 2c).
The pore size is about 5.0 nm, which is consistent with the result of
N,-adsorption. It should be an advantage for MC supports comparing
with other carbon supports. These interconnected mesopores could
facilitate the diffusion of reagent and product molecular."' As for the
significant enhancement of catalytic performance, this might be a
necessary but not a sufficient condition since the activity changes

This journal is © The Royal Society of Chemistry 2012
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little with the pore size of MC supports increasing from 2.9 to 6.5
nm (Table 1, entry 1-3). The intrinsic properties of active sites and
the formation mechanism should be focused to understand the high
catalytic performance of FeO,/MC. Temperature programmed
reduction (TPR) in a H,/Ar stream was carried out to detect the
reducibility of the ultrafine-iron-oxide catalysts (Fig. S5). It shows
that these iron oxide species are facilely reduced comparing with
bulk and even nano-size iron oxides. This reflects that the iron
oxides in the FeO,/MC catalysts are facile changing the oxidation
state, which should have direct correlation with their high catalytic
performance.

d

————1 100 nm

Fig. 2 HRTEM, HAADF-STEM and EDX mapping images of 5wt% FeO,/MC-1
(a-d) and HRTEM and HAADF-STEM images of 0.25wt% FeO,/MC-1 (e, f) and
5wt% FeO,/ MC-R (g, h).

To understand the role of surface oxygen functional groups in
constructing iron oxide active sites, three additional supports with
different amount of surface oxygen functional groups were prepared

J. Name., 2012, 00, 1-3 | 3
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by treating MC-1 with following methods: alkali treated with 2 M
NaOH aqueous solution (denoted as MC-Na); thermal treated in Ar
at 800 ‘C for 6 h (denoted as MC-T); reduced in 5% H,/Ar at 800 ‘C
for 6 h (denoted as MC-R). DRIFT spectra show that the intensity of
the bands centered at 1630 cm™' (C=0 stretch) and at 1350 cm™ (C-
O stretch)'? decrease for the samples after treatment, especially for
MC-T and MC-R (Fig. S6). It can qualitatively reflect the decrease
of surface oxygen functional groups on these samples. The
quantitative change was obtained by Boehm titration analysis. As
shown in Fig. 3, the total amount of surface oxygen functional
groups follows the trend MC-1 (3.23 mmol-g") > MC-Na (1.52
mmol-g™") > MC-T (1.28 mmol-g") > MC-R (0.78 mmol-g™"). The
amount of carboxylic and lactonic groups decreases significantly
after these treatments.

Catalyst
100 FEO/MC-1 FeO/MC-Na FeO/MCT FeO/MCR

s '\ B Carboxylic| | 3-5
= B Lactonic
5 8ot - B8 Phenolic | 3.0
o 5
g — i 125 3
c 60} - £
8 T~ Jewo g
s €
< 40 15 §
L c
© 10 8
= Yo
® 20
5 05
]

0 0.0

MC-1 MC-Na MC-T MC-R
Catalyst support

Fig. 3 Relationship between the amount of surface functional groups (phenolic,
carboxylic and lactonic) on the carbon supports and the catalytic performance of
the resultant catalysts. Reaction conditions: benzyl alcohol (1 mmol), catalyst
(0.3 g), solvent (toluene 10 mL), air 1 bar, reaction time 8h.

All these samples were used as supports for preparing iron oxide
catalysts (5 wt% loading amount), and the resultant catalysts were
denoted as FeO,/MC-Na, FeO,/MC-T and FeO,/MC-R, respectively.
XRD patterns and Raman spectra show that all these samples have
similar amorphous structure to FeO,/MC-1 (Fig. S7). The BET
surface area and porous properties of them is slightly different
comparing with FeO,/MC-1 (Table S4). The reactivity trend in this
system follows FeO,/MC-1 > FeO/MC-Na > FeO,/MC-T >
FeO,/MC-R (Fig. 3). This result shows that the reactivity of final
catalysts appear to be more in line with the amount of the oxygen
functional groups on the surface of carbon support.

40

Zeta-potential (eV)

Fig. 4 Zeta-potentials of (a) MC-1 and (b) MC-R. The pH value is the
preparation condition of iron nitrate impregnation.
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As for FeO,/MC-R, although no obvious particles were found in
the HRTEM image, some aggregation should occur in this sample
due to a few relatively bright spots can observed in its STEM image
(Fig. 2g and 2h). Combined with the surface property of MC-R, it
can further confirm the contribution of surface oxygen functional
groups to the dispersion of iron oxides. Zeta-potential measurement
was carried out to detect the surface charge properties of
representative carbon supports. It shows that the oxygen functional
groups render the MC-1 support surface negatively charged over a
wide range of pH condition (Fig. 4a). The pH value of iron nitrate
impregnation maintained at about 1.65 in our case. Under such
preparation condition, an electrostatic force presents between the
positively charged Fe®" ions and negative carbon surface. The
surface oxygen functional groups should serve as strongly active
sites for anchoring Fe’" ions, resulting in high dispersion of ultrafine
iron oxide particles on MC-1 surface.

B Peak Il O1s

Peak Il Peak |

CPS
CPS

L L L L L L A
735 730 725 720 715 710 705 536 534 532 530 528

Binding energy (Eg/eV) Binding energy (Eg/eV)

Fig. 5 Normalized Fe 2p (A) and O 1s (B) XPS spectra of (a) 5wt%FeO,/MC-1
and (b) 5wt%FeO,/ MC-R.

The chemical states of Fe and O on the surface of FeO,/MC-1 and
FeO,/MC-R were determined by X-ray photon spectroscopy (XPS,
Fig. 5). As shown in Fig. 5A, Fe (2p) core level is split into Fe2p,,
and Fe2p;,, due to spin orbit coupling. The main photoemission lines
in the Fe 2p spectrum recorded from FeO,/MC-1 appear at lower
binding energy than those of the spectrum of FeO,/MC-R, indicating
the average Fe oxidation state in FeO,/MC-1 is lower than that of Fe
in FeO,/MC-R. The spectra of Fe2ps, can be fitted to two spin-
doublets assignable to Fe*" (centered at 711 V) and Fe*" (centered
at 708.9 eV)."> The amount of Fe** in FeO,/MC-1 is obviously larger
than that in FeO,/MC-R. As for Ols spectra, an increase in the
binding energy was found in FeO,/MC-1 comparing with that of
FeO,/MC-R, indicating the presence of relatively strong interaction
between iron oxide and MC-1 support. The Ols spectra can be
deconvoluted into three peaks (Fig. 5B). Peak I at 530.3 eV
attributed to the contribution of anionic oxygen in iron oxides.'* Peak
III at 533 eV can be attributed to the oxygen functional groups
remained on the surface of catalysts.'"” Peak II at about 531.5 eV
attributed to the interface oxygen origin from carboxylate O
coordinated with Fe.'® The relative amount of these oxygen species
is obviously larger in FeO,/MC-1 than that in FeO,/MC-R. This
binding energy is quite similar to the ligands surround central metals
in homogeneous catalysis.'” The abundant oxygen functional groups
on the surface of MC-1 supports should provide a coordinate
environment for ultrafine-iron-oxide species. The oxygen groups
increase the electron density of iron centres, which promotes the
formation of active sites for the oxidation of benzyl alcohol with
molecular oxygen.

This journal is © The Royal Society of Chemistry 2012
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Conclusions

In summary, mesoporous carbons with abundant surface
functional groups and tunable pore size have been obtained with a
modified hard-template route. Using these carbons as supports, the
resultant supported iron-oxide catalysts exhibit an enhanced activity
in air oxidation of various benzyl alcohols. The amount of surface
oxygen functional groups of carbon supports is the crucial factor for
the dispersion of iron oxide species and the high activity of resultant
catalyst. The negatively charged oxygen functional groups serve as
strongly active sites for anchoring positively charged Fe*" ions and
result in high dispersion of ultrafine-iron-oxide particles. These
functional groups also provide a suitable coordinate environment for
ultrafine-iron-oxide, increasing the electron density of iron centres
and forming of active sites for the oxidation of benzyl alcohol with
molecular oxygen. This work shows that high performance iron
oxide catalysts can be obtained by rational design of carbon support.
This general strategy can also be extended to prepare other supported
transition-metal-oxide catalysts with ultrafine particle size and high
catalytic performance.
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