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The highly dispersed Fe,O; nanoparticles supported on
carbon nanotubes, prepared by a simple ethanol-assisted
impregnation method, showed above 90% NO conversion and
selectivity at low temperatures (200-325°C). Moreover the
excellent SO,/H,O durability and stability were obtained.

Nitrogen oxides (NO,) have given rise to a variety of increasing
harmful impact on the environment. Nowadays, selective catalytic
reduction (SCR) with NH;3 has been proven to be the most effective
technology. The typical commercial V,05-WO;3; (Mo0O3)/TiO,
catalysts reveal the adequate catalytic activity at 300-400°C.
However, it is still not satisfactory with respect to the toxicity of
vanadium, the easy deactivation and the poor low-temperature
catalytic activity. Therefore, extensive studies have been performed
to develop the new SCR catalysts which can substitute the V-based
catalysts. Among them, iron oxides catalysts with low cost have
received much attention due to their environmentally benign
character and good thermal stability in many reactions, such as
oxidation of CO, Fischer-Tropsch synthesis reaction, photocatalysis
etc. However the predominant activity for SCR was mainly in
middle and high temperature ranges (250-500°C)*. Only 80 % NO
conversion was obtained from 200 to 400°C on y-Fe,0O3 nanorods,
moreover SO, and H,O had a negative impact on the catalytic
performance®. The poor low-temperature activity and SO, resistance
became the main restrictive factors for their application®*. No
enough active sites to activate NH; over y-Fe,O3 nanorods and/or
low activation ability should be the main reason for the lower
activity. Hence, it is very urgent to enhance the low-temperature
SCR activity and SO, resistance of iron oxide catalyst.

Some researchers have used suitable supports to improve low-
temperatures SCR performance of iron oxides, such as Fe/BEA®,
Fe/ZSM-5° and Fe,04/TiO,’. But low-temperature activity was still
unsatisfactory. Recently, carbon nanotubes (CNTS) were attracting
more and more attention due to their excellent stabilities, unique
electronic and structural properties®. CNTs had an outstanding
combination of mechanical strength and stiffness, electrical and
thermal conductivity, and low density, making them promising
catalytic supports. Chen et al.® found the confinement effect in CNTs
could effectively enhance Fischer-Tropsch catalytic performance and
affect the size of nanoparticles. Jiang et al *° prepared Co30,/CNTs
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for the catalytic combustion of toluene and it reached the completed
conversion at 257°C. While for SCR studies, the enhancement of
SCR activity has also been observed when metal oxides were
supported on CNTSs, especially in the low temperature ranges. Zhang
et al.™ have tried to prepare Fe,O4/CNTS, but the SCR activity was
still less than 80% below 250°C. In addition, SO, poisoned their
Fe,O3/CNTSs catalyst and 8% NO conversion decrease was observed
in the present of 200 ppm SO,. Moreover the effects of CNTs on
iron oxides and their interaction were still unclear.

Now, the control of the dispersion of metal oxides on the surface
of CNTs was still very essential for the activity enhancement. In this
communication, it was the first time to report the highly dispersed
Fe,O3/CNTs nanoparticles prepared by a simple ethanol-assisted
impregnation method for NO, SCR. And the pure Fe,O; was also
employed by a direct calcination method for comparison
(Experimental Section in Supporting Information). The catalytic
performance of Fe,Oz/CNTs catalysts in the selective catalytic
reduction of ammonia (SCR) was studied in a fixed-bed flow reactor
(8 mm in interior diameter). The composition and amount of the inlet
gas mixture was set by mass flow controllers. The typical reactant
gas composition was as follows: 1000 ppm NHs;, 1000 ppm NO, 3
vol% O,, and balance N,. The total flow rate of the reaction mixture
was 300 ml/min, corresponding to a GHSV of 30000 h*. NO,
concentration was monitored by an NO-NO,-NO, analyzer (Thermo
Scientific 42i-HL). N, was detected by a gas chromatograph (GC
7890T, Techcomp, China). In order toensure the accuracy, all
experiments were repeated three times at least.

CNTs provided a large surface area (Table 1), which was an
important advantage and nature as a support. After the addition of
Fe,O3, the surface area of Fe,Oz/CNTs was found to be slightly
increased, while the pore volume and pore size were significantly

Table 1 The physical characteristics of CNTs and Fe,O3z/CNTs
catalysts

Samples BET Surface Pore volume Pore size
area (m?/g) (cm®/g) (nm)
Raw CNTs 152.8 1.74 45.42
Treated CNTs 163.1 1.74 42.61
Fe,O5/CNTs 176.1 0.44 10.08
Pure Fe,0O5 27.36 0.18 3.09
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Fig. 1 HRTEM images of Fe,0s/CNTs (A, B) and XRD patterns (C)
of catalysts.

decreased. Parts of Fe,O; entered into channels of CNTs and formed
highly dispersed nanoparticles’?. The slight increase in the surface
area should be due to the the formation of the interparticle pores.
The TEM images of Fe,O3z/CNTs (Fig. 1(A)) also gave the strong
support that the high dispersion of Fe,O; nanoparticles with the
mean particle size of 4.8 nm have been obtained. Meanwhile, some
Fe,O; nanoparticles were also observed inside the CNT channels.
The good wetting and spreading behavior of ethanol benefited for
the dispersion of CNTs and metal oxide particles. And the low
surface tension, low viscosity and low surface resistance of ethanol
effectively facilitated the introduction of metal oxides to walls of
CNTs* These nanoparticles on the CNTs exhibited a d spacing of
0.251 nm, corresponding to the [110] plane of a-Fe,O3 nanoparticles,
as shown in the HRTEM image (Figure 1(B)). On the other hand, the
characteristic diffraction peaks of a-Fe,O; were also clearly
observed for the catalyst in the XRD patterns (Fig. 1(C)). Compared
with pure a-Fe,O; the Fe,O3/CNTs catalyst showed the good
dispersion of a-Fe,03 nanoparticles (Fig. 1(C)).

The interaction and redox behavior of CNT supported Fe,Os
catalysts were investigated by XPS, H,-TPR and NH5-TPD analyses.
Fig. 2(A) showed the Fe 2p core-level binding energy spectrum of
the catalysts. The fitting peaks at around 710 eV and 723 eV could
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Fig. 2 XPS spectra of Fe 2p (A) and O 1s (B) for Fe,Os/CNTs and
Fe,0; catalysts.
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Fig. 3 H,-TPR profiles of Fe,05 and Fe,03/CNTSs catalysts.
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be assigned to Fe2p3/2 and Fe 2pl/2 peaks, respectively. The
separation of the 2p doublet was 13.6 eV. All these features were
typical of Fe,O;. The binding energy (BE) of Fe 2p for the
Fe,O3/CNTs was found to be a slightly higher value compared with
pure Fe,Oz which indicated that CNTs strongly influenced the
oxidation (electronic) state of the Fe,O; nanoparticles’®. The XPS
spectra of O 1s for catalysts were displayed in Fig. 2(B). The O 1s
XPS spectra were fitted into two peaks assigned to the lattice oxygen
at low binding energy (529.06-529.9 eV) and the surface-adsorbed
oxygen at high binding energy (531.1-533.2 eV), which was donated
as Oy and O,, respectively™. Compared with the Oy peak of pure
Fe,O5 catalyst, the Oy peaks shifted to a higher binding energy when
Fe,O3 was supported on CNTs. This peak shift also suggested the
existence of an interaction between lattice oxygen and Fe atoms,
which would result in an easy transfer of lattice oxygen atom to the
surface of catalyst’®. On the other hand, the redox peaks of
Fe,O3/CNTSs shifted to the lower temperature in contrast with pure
Fe,O3 (Fig. 3). Transition metals were well-known to interact with
graphite through hybridization of orbitals, and the confinement
effect of CNTs actuated a considerable interaction between metal
oxide and CNTs*. The o-Fe,0; supported on CNTs was easily to be
reduced, and the oxygen in the catalyst was more active, which
revealed that the unique electronic properties of CNTs could
promote charge transfer between iron atoms and CNTSs, leading to
the enhancement in its redox potential’®. In addition, the enhanced
NH; adsorption could only be clearly detected on Fe,Os/CNTSs in
NH;-TPD experiment compared with pure Fe,O3 and CNTs, which
indicated that CNTs promoted NH3 adsorption and activation on the
surface of Fe,03. The enhanced electron transfer ability between
Fe,O3 and CNT would play a vital role in low-temperature reaction.
The NH5-SCR activity, SO,/H,0 resistance ability and stability of
the catalysts were shown in Fig. 4. Pure Fe,O; showed low activity
and only 55% NO conversion was obtained when the temperature
reached 275°C. It should be noted that the introduction of CNTs as
supports caused a significant improvement of NO conversion over
the catalyst, which suggested that the interaction between Fe,O3; and
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Fig. 4 NOx conversion as a function of temperature over different
catalysts (A) and SO, tolerance of Fe,O3/CNTSs catalyst (B).
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CNTs was important for the SCR reaction. Tg, for NH;-SCR
reaction on Fe,05/CNTs catalyst was below 150°C and the
maximum NO conversion was 96.6% at 250°C. The temperature
ranged for 90% NO conversion ranges from 200 to 325°C. The N,
selectivity was maintained at above 90% over the whole temperature
range (Fig. S1) and only N,O was the main by-product. In addition,
CNTs did not participate in the reaction as a reducing agent and no
CO or CO, was detected. This salient performance was of utmost
importance in NO, removal at low temperatures (<250°C).
Traditional iron oxides catalysts were proved to be suitable for SCR
in the middle and high temperature (250-500°C). In recent studies,
some researchers have paid attention to composite oxides and
supported catalysts. However, the NO conversion at low
temperatures (<250°C) had not evidently improved yet. Liu et al.'’
found that Fe-B catalysts showed less than 70% NO conversion
below 250°C. Yang et al.'® studied that V,0s/Fe,03-TiO, catalysts
revealed less than 80% NO conversion below 250°C. Shwan et al.*°
discovered that Fe-BEA catalysts exhibited less than 60% NO
conversion below 250°C. Compared with previous studies, we
achieved a breakthrough in NO conversion at low temperatures.

According to the XPS results (Fig. 2(B)), the relative
concentration ratios of O,/(O,+Og) for Fe,03/CNTs and pure Fe,0O3
were calculated to be 0.53, and 0.17, respectively. It has been known
that the formation of O, was helpful for adsorption and
transformation of NH; on the surfaces of catalysts, which should be
one of the reasons that Fe,0s/CNTSs presented the excellent catalytic
activity. On the other hand, high dispersion could improve the
interaction between metal oxides and CNTSs and facilitate adsorption
of reactant gas on the active sites of catalysts. Activated carbon has
also been used to support Fe,Os in our study. No interaction between
activated and Fe,O3 was observed (Fig. S2), and only 73% NO
conversion at 250°C was obtained. Therefore, especially in the low
temperature ranges, CNTSs strongly promoted the catalytic activity of
iron oxides due to its unique electronic properties and the interaction
with oxides. Moreover the Fe,05/CNTSs catalyst deactivation was not
observed during the whole test period at 250°C under GHSV of
30000 h* and 60000 h* (Fig. S3), and the dispersity of Fe,Os
nanoparticles was not changed after a 48 h continuous running
reaction (Fig. S4).

As the exhaust usually comprised a certain amount of SO, and
H,0, the Fe,0s/CNTSs catalyst with a feed stream containing 200
ppm SO, and 10 vol% H,O at a typical temperature (300°C) were
tested. As shown in Fig. 4(B), the NO conversion increased
gradually with SO, introduction. After eliminating SO,, the NO
conversion remained unchanged. The promoting effect of SO, was
investigated by NH3-TPD (Fig. S5). It was found that the intensity of
NH; desorption for sulfated Fe,Os/CNTs catalyst became stronger
than the fresh Fe,0s/CNTs sample. The presence of SO, increased
the acid sites for NH; adsorption and activation on the catalyst
surface, which promoted the SCR activity. The Fe,O3/CNTSs catalyst
also displayed good H,O resistance (Fig. 4(B)). When removing
H,0, the SCR activity could recover rapidly. Meanwhile, in the co-
existence of SO, and H,0, the Fe,O:/CNTSs catalyst also displayed
high NO conversion (more than 90% at 300°C). The fairly excellent
activity and stability of Fe,O3/CNTSs catalyst predicted an attractive
prospect for the practical applications.

Conclusions

In summary, highly dispersed Fe,Oz/CNTs catalyst was
prepared by a simple ethanol-assisted impregnation method,
and Fe,O3; nanoparticles with the mean particle size of 4.8 nm
were obtained. The redox property of iron oxides, adsorption
and activation ability of nitrogen oxides were effectively
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improved due to the excellent electron transfer property
of CNTs. More than 90% NO conversion was achieved from
200 to 325°C, which was attributed to the large surface area,
fine dispersion of a-Fe,O3; and the interaction with CNTs. It
was also found that SO, promoted the SCR activities and
Fe,O3/CNTSs catalyst showed excellent SO,/H,0 resistance and
reaction stability.
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