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a b s t r a c t
The inﬂuence of extra-framework Al via AlCl3 deposition on the structure of the active Fe sites in Fe/ZSM35 was investigated by 29Si MAS NMR, UV–visible diffuse reﬂectance spectroscopy, infrared spectroscopy,
UV Raman spectroscopy, and 57Fe Mössbauer spectroscopy combined with catalytic decomposition of
N2O. It is found that high-temperature treatment considerably modiﬁes the iron speciation. UV–visible
diffuse reﬂectance spectra and in situ infrared spectra of NO adsorption show that a signiﬁcant amount
of clustered and cationic Fe species is transformed into extra-framework Fe–O–Al mixed oxide species by
high-temperature treatment. UV Raman spectra and 57Fe Mössbauer spectra suggest the generation of a
binuclear Fe site stabilized by extra-framework Al species with a feature Raman band at 875 cm 1, which
is associated with the high activity of N2O decomposition. A possible explanation is that the addition of
extra-framework Al species is beneﬁcial for the formation of binuclear active Fe sites bound to extraframework Al.
Ó 2013 Published by Elsevier Inc.

1. Introduction
Fe/ZSM-35 catalysts have shown good catalytic activity for a
number of reactions, such as selective reduction in NOx by NH3
or hydrocarbons [1,2], oxidation of benzene to phenol using N2O
[3], and N2O decomposition [4–8]. Despite the exploration of their
catalytic properties, much less attention has been paid to a detailed
understanding of the structure of the active iron sites. On the basis
of DFT calculations in combination with spectroscopic investigations, Sklenak and co-workers proposed that the active sites are
composed of two Fe2+ cations coordinated in two adjacent sixmembered rings of ferrierite [4,9]. Kachurovskya and Daturi assumed that Fe2+ ions located at the wall of the main (10-membered
ring) ferrierite channel were the active sites for N2O decomposition
based on DFT calculations [10,11]. Very recently, our studies have
shown that the active iron site for N2O decomposition is an
Fe2(l-O) site, giving a characteristic Raman band at 875 cm 1
using in situ UV resonance Raman spectroscopy combined with
Mössbauer spectroscopy and DFT calculations [12]. Moreover,
recent studies have revealed that the presence of Al pairs is responsible for the higher catalytic activity of Fe/FER in N2O decomposition [13,14]. However, the role of the extra-framework Al species
inevitably formed under pretreatment conditions remains elusive.
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Experimentally, it is a big challenge to distinguish the active iron
species from those of abundantly present spectator iron species,
since the active iron species usually account for only a small portion of the total iron content [4,10,13,15–17].
In this work, the effect of extra-framework Al species via AlCl3
deposition on the structure of the active iron sites and the activity
in N2O decomposition was investigated by 29Si MAS NMR, UV–visible diffuse reﬂectance spectroscopy, infrared (IR) spectroscopy, UV
Raman spectroscopy, and 57Fe Mössbauer spectroscopy. It is shown
that high-temperature treatment and the extra-framework Al species via AlCl3 deposition considerably modify the structure of the
binuclear active Fe sites and profoundly increase the activity in direct N2O decomposition.

2. Experimental
2.1. Catalyst preparation
Fe/ZSM-35 catalysts with different amounts of extra-framework
Al were prepared by solid-state ion-exchange method [18–23].
Brieﬂy, 2 g of NH4/ZSM-35 sample (atomic ratio SiO2/Al2O3 = 21,
synthesized in our laboratory) was calcined at 823 K in a ﬂow of
O2 for 2 h and ground with appropriate amounts of anhydrous
FeCl3 and/or anhydrous AlCl3 in a glove box. The well-mixed powder was ﬁrst heated in helium ﬂow by raising the temperature
from RT to 598 K and kept at 598 K for 2 h. Then, the sample was
heated in 0.5 vol% H2O/He ﬂow at 473 K for 1 h to hydrolyze Fe–
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Cl and Al–Cl bonds. Finally, the sample was calcined in a ﬂow of O2
at 823 K for 2 h to obtain Fe/ZSM-35-C (x) or Al/ZSM-35-C, where C
refers to calcination in ﬂowing O2 at 823 K and x to atomic ratios of
extra-framework Al/Fe. A portion of calcined Fe/ZSM-35-C (x) or
Al/ZSM-35-C was further treated at 1173 K in pure helium ﬂow
for 2 h and refers to Fe/ZSM-35-HT (x) or Al/ZSM-35-HT, where
HT denotes a high-temperature treatment.
2.2. Catalyst characterization
X-ray diffraction patterns (XRD) of Fe/ZSM-35 samples were recorded on a Rigaku Miniﬂex X-ray diffractometer equipped with a
Cu Ka monochromatic radiation source (k = 1.5418 Å). No bulky
iron oxides were detected (not shown).
29
Si MAS NMR spectra were performed on a Varian Inﬁnityplus400 spectrometer, with a spinning rate of 6 kHz. Chemical shifts
were obtained relative to 4,4-dimethyl-4-silapentane sulfonate sodium (DSS) as a reference. A total of 1304 scans were accumulated
with a p/2 pulse width of 1.8 ls and a 4-s pulse delay.
UV–visible diffuse reﬂectance spectra (UV–visible DRS) were recorded on a JASCO V-550 spectrometer equipped with an integrating sphere coated with BaSO4. The baseline was corrected using
BaSO4 as a reference material.
All IR spectra were collected on a FT-IR spectrometer (Nicolet
Nexus 470) with a resolution of 4 cm 1 and 32 scans in the region
4000–650 cm 1. All IR experiments were performed as follows:
The sample was pressed into a self-supporting wafer (ca.
15 mg cm 2) and put into a quartz IR cell equipped with CaF2 windows. First, the calcined samples were pretreated in ﬂowing oxygen at 623 K for 1 h, while the high-temperature treated samples
were treated in helium ﬂow at 623 K for 1 h. Then, the sample
was cooled to room temperature in the same ﬂow, followed by
purging with helium for 30 min. A spectrum was collected as a reference. Subsequently, NO/He (1.0 vol%) was introduced onto the
sample for NO adsorption at room temperature. After the sample
was purged with helium for 30 min, the IR spectrum was recorded.
UV Raman spectra were recorded in situ on a homemade UV Raman spectrograph with a triple-stage spectrograph at a resolution
of 2 cm 1. The laser line at 325 nm emitted from a KIMMON IK3351 R-G He–Cd laser was used as an exciting source. The power
of the laser that reached the samples was about 1.0 mW. The samples were pressed into self-supporting wafers (15 mg cm 2) and
put into an in situ quartz cell. The sample wafers were calcined
at 823 K in ﬂowing O2 for 1 h. The high-temperature-treated sample wafers were ﬁrst calcined at 823 K in a ﬂow of O2 for 1 h, followed by treatment at 1173 K in ﬂowing He for 1 h. The in situ
quartz Raman cell was closed and cooled to room temperature,
and then, the spectra were recorded.
57
Fe Mössbauer spectra were measured at 78 K on a spectrometer working in the mode of constant accelerations with the use of
a 57Co: Rh source. Data analysis involved a least-square ﬁtting procedure assuming a Lorentzian peak shape and employed the ﬁtting
program MössWin 3.0 i. The isomer shift (IS) values were given relative to iron foil at room temperature.
The transient-response method adopted by Kiwi-Minisker et al.
[24] was applied for the determination of the concentrations of active Fe sites. In this method, 50 mg of a catalyst was placed into a
quartz plug-ﬂow reactor and pretreated at 1173 K in helium ﬂow
for 1 h, followed by cooling to 523 K in ﬂowing helium. The reaction gas phase was continuously monitored in the reactor outlet
after a quick switch from He ﬂow to N2O/He (5.0 vol%) ﬂow. N2O
decomposition leads to the formation of gaseous N2 and the deposition of an equal amount of surface oxygen species [24,25]. The
quantity of active Fe sites was estimated by integration of the
evolved N2 peak based on the assumption that one oxygen atom
was deposited on each Fe site [24].

2.3. Activity measurement
N2O decomposition activity was tested for both calcined and
high-temperature-treated Fe/ZSM-35 catalysts. The amount of a
catalyst placed in a ﬁxed-bed plug-ﬂow reactor was about 50 mg.
Before each run, the catalyst was pretreated at 823 K in ﬂowing
O2 (Fe/ZSM-35-C) or at 1173 K in ﬂowing helium (Fe/ZSM-35-HT)
for 1 h and then cooled down to the reaction temperature. The feed
gas composition was N2O/He (5.0 vol%). The total gas ﬂow was controlled by mass ﬂow controllers and maintained at a GHSV of
24,000 h 1. An online mass spectrometer (Gam 200, Pfeiffer Vacuum) calibrated by gas mixtures of known compositions was used
for quantitative analysis of the gas-phase concentrations.
3. Results and discussion
3.1.
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Si MAS NMR spectra of Fe/ZSM-35 samples

Fig. 1A and B show the 29Si MAS NMR of Fe/ZSM-35 catalysts
calcined at 823 K in O2 and pretreated in helium at 1173 K, respectively. The NMR peaks at 115 and 112 ppm come from the
Si(OSi)4 groupings in ZSM-35 and the peak at 106 ppm reﬂects
Si(OAl)(OSi)3 [26]. The framework and extra-framework Al content
is given in Table 1. Compared to Fe/ZSM-35-C (x = 0, 1, 2) samples,
the extra-framework Al content increases signiﬁcantly for Fe/ZSM35-HT (x = 0, 1, 2) samples, suggesting that a large amount of Al
was extracted from framework to extra-framework positions during high-temperature treatment.
3.2. Catalytic decomposition of N2O
Fig. 2A and B present the dependence of N2O conversion on the
reaction temperature in direct N2O decomposition for calcined and
high-temperature-treated Fe/ZSM-35 samples. For the calcined Fe/
ZSM-35 (x = 0, 1, 2) catalysts, the onset of the reaction occurs at
approximately 663–683 K, and full N2O conversion is reached at
ca. 753–773 K, whereas N2O decomposition starts at about 623–
633 K and is completed at around 693–713 K for the catalysts treated in helium at 1173 K. Another point to note is that the activity in
direct N2O decomposition of both calcined and high-temperaturetreated catalysts is in the same order: Fe/ZSM-35 (x = 2) > Fe/ZSM35 (x = 1) > Fe/ZSM-35 (x = 0). A blank experiment on Al/ZSM-35
prepared by the same method as that for the Fe/ZSM-35 catalysts
shows that the activity in N2O decomposition is negligible, suggesting that the extra-framework Al species are not solely responsible for the decomposition of N2O, and Fe is the active component
for the formation of the active sites. The results provide a strong
indication that high-temperature treatment has a great inﬂuence
on the structure of the active iron sites, and the present extraframework Al species have a promotional effect on the formation
of the active Fe sites for N2O decomposition.
Table 2 lists the apparent activation energies and apparent preexponential factors for both calcined and high-temperature-activated catalysts. These data were calculated from Arrhenius plots
under the assumption that N2O decomposition is an apparent
ﬁrst-order reaction. For the calcined catalysts, introduced extraframework Al species slightly affect the apparent activation energy
Ea, which decreases from 185 kJ mol 1 for Fe/ZSM-35 (x = 0) to
165 kJ mol 1 for Fe/ZSM-35 (x = 1) and to 169 kJ mol 1 for Fe/
ZSM-35 (x = 2). This reﬂects the nature of iron sites for N2O decomposition not being much changed in these samples. After the catalysts are treated in helium at 1173 K, the apparent activation
energies increase to about 200 kJ mol 1 while the pre-exponential
factors increase to the order of 102–105. In a simpliﬁed kinetic
analysis, the apparent pre-exponential factor A is the product of
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Fig. 1.

29

Si MAS NMR spectra of (A) calcined and (B) high-temperature-treated Fe/ZSM-35 catalysts: (a) Fe/ZSM-35 (x = 0), (b) Fe/ZSM-35 (x = 1), (c) Fe/ZSM-35 (x = 2).

Table 1
Al content, framework Si/Al ratios, and framework and extra-framework Al content in calcined and high-temperature-treated Fe/ZSM-35 catalysts.

a
b

Catalyst

Ala (wt.%)

Si/AlFRb

Framework al
species (wt.%)

Extra-framework
Al species (wt.%)

Fe/ZSM-35-C (x = 0)
Fe/ZSM-35-C (x = 1)
Fe/ZSM-35-C (x = 2)
Fe/ZSM-35-HT (x = 0)
Fe/ZSM-35-HT (x = 1)
Fe/ZSM-35-HT (x = 2)

3.41
3.65
4.07
3.41
3.65
4.07

14.0
14.2
14.3
38.8
39.1
41.9

3.21
3.17
3.14
1.16
1.15
1.07

0.20
0.48
0.93
2.25
2.50
3.00

Determined by ICP.
Framework Si/Al ratios determined by

29

Si MAS NMR.

the number of active sites and the kinetic pre-exponential factor,
which is the ratio of the partition functions of the transition state
excluding that of the reaction coordinate and that of the ground
state. Thus, the large difference in pre-exponential factors between
the calcined and high-temperature-treated samples indicates that
the number of active iron sites is remarkably changed during
high-temperature activation. The higher apparent activation energies suggest that the nature of the active iron sites changes. However, the higher apparent activation energies are compensated for
by the higher pre-exponential factors, which leads to extremely
high activity of the Fe/ZSM-35-HT (x = 0, 1, 2) samples. To conﬁrm
this hypothesis, ln A is then plotted against Ea for the high-temperature-treated Fe/ZSM-35 (x = 0, 1, 2) samples, as shown in Fig. 2D.
It can be seen that ln A and Ea exhibit excellent linear correlation,
with ln A = mEa + C(where m is the proportionality constant and C
is the constant at the intercept Ea = 0). This linear correlation has
been reported previously, showing the so-called kinetic compensation effect of N2O decomposition [21,27,28].
3.3. Concentrations of active Fe sites
The concentrations of active Fe sites in Fe/ZSM-35-HT samples
were determined by the transient-response method. Fig. 3 presents
the product-time proﬁle after a step change from He ﬂow to
5.0 vol% N2O/He ﬂow for the Fe/ZSM-35-HT (x = 2) catalyst at
523 K. N2 appears immediately, but no oxygen is observed, indicating that only the reaction N2O + ()Fe ? N2 + (O)Fe takes place. Thus,

the concentrations of the active Fe sites are estimated based on the
amount of N2 evolved during N2O decomposition [24,29] (Table 3).
The percentage of the active Fe sites increases from 29% for Fe/
ZSM-35-HT (x = 0) to 57% for Fe/ZSM-35-HT (x = 1), and further
to 78% for Fe/ZSM-35-HT (x = 2), suggesting that introduced extra-framework Al is strongly related to the formation of active Fe
sites for N2O decomposition at low temperature. It should be mentioned that calcined catalysts show only negligible quantity of N2
product under the same experimental conditions. The above results show that severe treatment is a prerequisite for the generation of active Fe sites [24,25,30].
3.4. UV–visible DRS of Fe/ZSM-35 catalysts
Fig. 4A displays the UV–visible DRS of both calcined and hightemperature-treated Fe/ZSM-35 catalysts. For the Fe/ZSM-35-C
(x = 0) catalyst, three absorption bands centered at 275, 355, and
540 nm appear. With the increase in the quantity of extra-framework Al species, the intensities of the bands at 275 and 355 nm increase, accompanied by a decrease in the intensity of the band at
around 540 nm. Treatment of the catalysts in helium at 1173 K
leads to a dramatic reduction in the intensities of the bands at
275 and 355 nm, implying profound changes in the iron species
upon high-temperature treatment. According to reports in the literature, the absorption bands below 300 nm [31–33] are assigned
to isolated iron ions in tetrahedral or octahedral coordination,
bands between 300 and 400 nm to small oligomeric FexOy clusters
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Fig. 2. (A) N2O conversion as a function of reaction temperature over (a) (d, s) Fe/ZSM-35 (x = 0); (b) (d, s) Fe/ZSM-35 (x = 1); (c) (d, s) Fe/ZSM-35 (x = 2). Solid symbols:
calcined in O2 at 823 K; open symbols: pretreated in He at 1173 K. Feedstock composition: 5.0 vol% N2O in He. Dependence of (B) apparent activation energy and (C) preexponential factors on extra-framework Al/Fe ratios for Fe/ZSM-35 (x = 0, 1, 2) samples (a) calcined in O2 at 823 K, (b) pretreated in helium at 1173 K. (D) ln A versus Ea for N2O
decomposition of the high-temperature-treated Fe/ZSM-35 (x = 0, 1, 2) samples.

Table 2
First-order rate constants, apparent activation energies, and pre-exponential factors of high-temperature-treated Fe/ZSM-35 catalysts for N2O decomposition.
Catalyst
Fe/ZSM-35-C (x = 0)
Fe/ZSM-35-C (x = 1)
Fe/ZSM-35-C (x = 2)
Fe/ZSM-35-HT (x = 0)
Fe/ZSM-35-HT (x = 1)
Fe/ZSM-35-HT (x = 2)

First-order rate constantc
(10 6 mol N2O s 1 (mol Fe)

Eaa (kJ mol
1

(Pa N2O)

1.1
1.8
2.9
9.3
13
15

Notes: C: Calcined at 823 K in O2 ﬂow. HT: treated at 1173 K in helium ﬂow.
a
Apparent activation energy.
b
Apparent pre-exponential factors.
c
First-order rate constants calculated at 683 K.

1

)
185
165
169
193
211
216

1

)

Ab
(10

7

mol N2O s

14
1.0
2.7
6.5  102
4.0  104
1.1  105

1

(mol Fe)

1

(Pa N2O)

1

)
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Fe clusters also contribute to the absorption features in the region
of 300–400 nm [9,20,39,40]. Thus, the absorption band at 275 nm
can be ascribed to octahedrally coordinated Fe ions in close interaction with Al species, the band at 355 nm to oxygen-to-iron
charge transfer transition of bi- and oligonuclear Fe clusters, and
the band at 540 nm to large FexOy particles.
Deconvolution of the UV–visible absorbance bands into Gaussian subbands, followed by multiplication of the percentage of the
subbands with respect to the total area of the experimental spectrum by the total iron content [36,41] gives the percentages of different Fe species (Table 4 and Fig. S1). This quantiﬁcation does not
account for the dependence of the extinction coefﬁcient on the
wavelength [41], but nevertheless provides a semiquantitative
estimate of the distribution of the various Fe species. With an increase in the quantity of the extra-framework Al species, the percentage of bulky iron oxide aggregates decreases, while those of
isolated iron species and bi- and oligonuclear Fe species increase,
suggesting that introduction of extra-framework Al is beneﬁcial
for the formation and stabilization of mono-, bi-, and oligonuclear
Fe species for both the calcined and high-temperature-activated
catalysts.
3.5. IR spectra of adsorbed NO on Fe/ZSM-35 catalysts
Fig. 3. Response to a step change from He ﬂow to N2O/He (5.0 vol%) ﬂow on Fe/
ZSM-35-HT (x = 2) sample.

Table 3
The number of active Fe sites determined by the transient-response method for the
high-temperature-treated Fe/ZSM-35 (x = 0, 1, 2) samples.
Catalyst

N2O decomposition
[active Fe sites] (1019 sites g

Fe/ZSM-35-HT (x = 0)
Fe/ZSM-35-HT (x = 1)
Fe/ZSM-35-HT (x = 2)

3.5
5.4
7.8

1

)

O/Fetotal
0.29
0.57
0.78

[31,34], and bands above 400 nm to large Fe2O3 particles
[20,21,35–38]. Alternatively, isolated Fe ions in octahedral coordination in Al2O3 give an absorption band at 286 nm, and binuclear

IR spectroscopic study of NO adsorption has been applied to
probe the active sites in Fe/ZSM-35 catalysts [1,10,15,17,42]. IR
spectra of adsorbed NO on calcined Fe/ZSM-35 (x = 0, 1, 2) catalysts
are presented in Fig. 5A. It can be seen that NO adsorption on Fe/
ZSM-35 (x = 0) gives a characteristic IR band at 1620 cm 1 with a
shoulder band at 1580 cm 1. With increasing amounts of extraframework Al species, the feature IR band at 1620 cm 1 becomes
stronger, while the shoulder band at 1580 cm 1 does not show
noticeable changes. According to the literature data, the band at
1620 cm 1 is attributed to linearly adsorbed NO2 on iron ions
[43–46], which is possibly due to NO2 impurity in the NO probe
gas or may arise from the interaction of adsorbed NO with residual
oxygen species or extra-framework oxygen species. Additionally,
the feature band observed at 1580 cm 1 belongs to monodentate/bidentate nitrate groups on iron sites [44,47–49].

Fig. 4. UV–visible diffuse reﬂectance spectra of Fe/ZSM-35 samples (A) calcined in O2 at 823 K and (B) treated in He at 1173 K: (a) Fe/ZSM-35 (x = 0), (b) Fe/ZSM-35 (x = 1), (c)
Fe/ZSM-35 (x = 2).
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Table 4
Percentages of different iron species calculated from the deconvolution of UV–visible
diffuse reﬂectance spectra of Fe/ZSM-35 catalysts (Fig. 4).
Catalyst

Fe/ZSM-35-C (x = 0)
Fe/ZSM-35-C (x = 1)
Fe/ZSM-35-C (x = 2)
Fe/ZSM-35-HT (x = 0)
Fe/ZSM-35-HT (x = 1)
Fe/ZSM-35-HT (x = 2)

Fea

Feb

can participate in the formation of active iron sites. In contrast,
the introduced extra-framework Al is more beneﬁcial for the formation of active iron sites.

Fec

I1

wt.%

I2

wt.%

I3

wt.%

0.38
0.54
0.66
0.28
0.67
0.70

0.42
0.59
0.72
0.31
0.73
0.77

0.29
0.36
0.26
0.39
0.73
0.77

0.31
0.40
0.30
0.43
0.25
0.22

0.33
0.10
0.08
0.33
0.11
0.10

0.37
0.11
0.08
0.36
0.12
0.11

Notes: I1: k < 300 nm, I2: 300 < k < 450 nm, I3: k > 450 nm. C: Calcined at 823 K in O2
ﬂow. HT: treated at 1173 K in helium ﬂow.
a
Isolated iron species in tetrahedra and octahedra.
b
Oligonuclear iron clusters (x P 2).
c
Bulk iron oxides.

High-temperature or steam treatment of the calcined catalysts
can lead to an alteration of the structure of the active Fe sites
[50,51] and extensive extraction of Al species from framework to
extra-framework positions (Table 1). The extra-framework Al species can interact with the iron oxide clusters initially accommodated in the cationic exchange sites of the zeolite to form Fe–O–
Al clusters. Fig. 5B exhibits the IR spectra of adsorbed NO on
high-temperature-activated Fe/ZSM-35 (x = 0, 1, 2) catalysts. Fe/
ZSM-35-HT (x = 0) shows strong IR bands at 1874 and 1626 cm 1
with a weak shoulder at 1645 cm 1. Increasing amounts of introduced extra-framework Al species result in an increase in intensity
of all three feature IR bands. Based on numerous studies of NO
adsorption onto Fe-containing zeolite catalysts, we ascribe the
shoulder band at 1645 cm 1 to NO2 interacting with structural defects of the zeolite [47] and the IR band at 1874 cm 1 to adsorbed
NO on clustered extra-framework Fe–O–Al mixed oxide species in
zeolite micropores [44,48,49,52]. Compared to the Fe/ZSM-35-HT
(x = 0) sample, intensity of the IR band at 1874 cm 1 increases
for Fe/ZSM-35-HT (x = 1, 2) samples. 29Si MAS NMR spectra show
that the amount of extracted framework Al for the samples upon
high-temperature treatment is almost the same (Table 1). Thus,
the substantial differences in the 1874 cm 1 signal for Fe/ZSM35-HT samples suggest that not every extracted framework Al

3.6. UV Raman spectra of Fe/ZSM-35 catalysts
UV Raman spectra of both calcined and high-temperature-activated Fe/ZSM-35 (x = 0, 1, 2) catalysts are shown in Fig. 6. Except
for the observation of the characteristic bands of ZSM-35 zeolite
at 325, 425, and 800 cm 1 [48,53,54], a weak Raman band at
875 cm 1 and a broad band at 1165 cm 1 are observed for the calcined catalysts (Fig. 6A). After the calcined catalysts are treated at
1173 K in helium, some dramatic changes take place in the Raman
spectra: the intensity of the Raman band at 875 cm 1 grows
remarkably and the intensity of the Raman band at 1165 cm 1 decreases considerably (Fig. 6B). The feature Raman bands at 875 and
1165 cm 1 are not detected for the Al/ZSM-35 catalyst (not
shown). The intense Raman band at 875 cm 1 has been assigned
to binuclear Fe sites [12] and the band at 1165 cm 1 stems from
the asymmetric stretching vibrations of isolated Fe–O–Si species
in extra-framework or in framework positions [55–57]. It is very
interesting that the intensity of the strong Raman band at
875 cm 1 increases with increased amounts of extra-framework
Al species, reﬂecting the binuclear Fe sites probably being stabilized by extra-framework Al species on the high-temperature-activated catalysts. Fig. 6C presents the rate of N2O decomposition
versus the intensity ratio of the Raman band at 875 cm 1 to that
at 425 cm 1. The rate of N2O decomposition increases with
increasing intensity ratio of the Raman band at 875 cm 1 to that
at 425 cm 1. Such strong correlation suggests that the binuclear
Fe sites bound to extra-framework Al species, characterized by
the Raman band at 875 cm 1, are the active sites for direct N2O
decomposition on the high-temperature treated catalysts.
3.7. 57Fe Mössbauer spectra of high-temperature treated Fe/ZSM-35
catalysts
57

Fe Mössbauer spectroscopy is an ideal tool to study the oxidation state and coordination of iron species due to its high sensitivity to various iron species [16,25,58–61]. The Mössbauer spectra of

Fig. 5. IR spectra in the region 1500–1950 cm 1 recorded in situ after exposure of Fe/ZSM-35 catalysts to NO and then purging with N2 for 10 min (A) calcined in O2 at 823 K
and (B) treated in He at 1173 K: (a) Fe/ZSM-35 (x = 0), (b) Fe/ZSM-35 (x = 1), (c) Fe/ZSM-35 (x = 2).
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Fig. 6. UV Raman spectra recorded in situ of Fe/ZSM-35 catalysts (A) calcined in O2 at 823 K and (B) treated in He at 1173 K: (a) Fe/ZSM-35 (x = 0), (b) Fe/ZSM-35 (x = 1), (c)
Fe/ZSM-35 (x = 2). The excitation laser line is at 325 nm. (C) Dependence of the rate of N2O decomposition at 683 K on the intensity ratio of the band at 875 cm 1 to that at
425 cm 1 for the high-temperature-treated catalysts.

the Fe/ZSM-35-HT (x = 0, 1, 2) catalysts recorded at 78 K are shown
in Fig. 7 and the Mössbauer parameters are summarized in Table 5.
According to the literature data, the components characterized by
the parameters IS = 0.44 mm s 1, QS = 0.32 mm s 1, and magnetic
ﬁeld = 53.7 T and IS = 0.47 mm s 1, QS = 0.36 mm s 1, and magnetic ﬁeld = 53.6 T correspond to a-Fe2O3 [58]. The two components described by IS = 1.29–1.32 mm s 1, QS = 2.84–3.01 mm s 1,
and IS = 0.32–0.55 mm s 1, QS = 1.01–1.14 mm s 1 are assigned
to l-oxo bridged binuclear Fe2+ complexes and mono-(l-oxo) dimeric Fe3+ complexes, respectively [25]. One may notice that the
spectral contribution of the high-spin mono-(l-oxo) binuclear

Fe2+ sites increases while that of the high-spin mono-(l-oxo) binuclear Fe3+ sites decreases with increasing extra-framework Al content. It has been shown [52,62–64] that extra-framework iron
species, in particular the bi- and oligonuclear Fe clusters, are able
to undergo self-reduction upon high-temperature treatment under
an inert atmosphere or vacuum. From earlier work, we also know
that the presence of Al species promotes the reduction in Fe3+ ions
to Fe2+ ions, especially bi- and oligonuclear iron clusters [65]. The
present results indicate that the presence of extra-framework Al
species and high-temperature treatment might be able to synergetically promote the autoreduction in the binuclear active Fe sites.

Fig. 7. 78 K 57Fe Mössbauer spectra of high-temperature-activated Fe/ZSM-35 catalysts: (A) Fe/ZSM-35 (x = 0), (B) Fe/ZSM-35 (x = 1), (C) Fe/ZSM-35 (x = 2) at 78 K. The solid
lines overlaid with the experimental spectra are least-squares ﬁts to the raw data. The subspectra are shown above the experimental spectra as solid lines.
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Table 5
57
Fe Mössbauer parameters of high-temperature-treated Fe/ZSM-35 catalysts at 78 K (Fig. 7).

a
b
c
d

Catalyst

Isomer shifta
(mm s 1)

Quadruple splittingb
(mm s 1)

Fe/ZSM-35-HT (x = 0)

1.29
0.51
0.44

2.92
1.09
0.32

Fe/ZSM-35-HT (x = 1)

1.3
0.5
0.47

3.01
1.14
0.36

Fe/ZSM-35-HT (x = 2)

1.32
0.32

2.84
1.01

Magnetic ﬁeld
(T)

Spectral
contributionc (%)

FWHMd (mm s

1

53.7

56.1
25.3
18.6

0.55
0.58
0.36

I. Fe2+–O–Fe2+
II. Fe3+–O–Fe3+
III. a-Fe2O3

53.6

72.4
13.7
14.0

0.58
0.58
0.29

I. Fe2+–O–Fe2+
II. Fe3+–O–Fe3+
III. a-Fe2O3

88.1
11.9

0.51
0.58

I. Fe2+–O–Fe2+
II. Fe3+–O–Fe3+

)

Subspectra and Fe sites

Isomer shift, relative to a-Fe at room temperature.
Quadrupole splitting, electric quadrupole splitting.
Relative resonance areas of the different components of the absorption patterns.
Full line width at half maximum: uncertainty is ±5% of the reported values.

Overall, our experimental results point to a strong synergetic effect between extra-framework Fe species and Al species in N2O
decomposition. A common sense understanding is that high-temperature treatment is required to form active Fe sites [20,66]. Recently, several works [6,14] have provided strong evidence that
Al species are a necessary component in the generation of the active Fe sites in Fe/ZSM-35 catalysts. This work provides some further insight into this issue. Our 29Si MAS NMR spectra indicate
substantial dislodgement of framework Al upon high-temperature
treatment for the calcined catalysts (Fig. 1 and Table 1). IR spectra
of NO adsorption provides additional support for the stabilization
of the active Fe sites by forming an extra-framework Fe–O–Al
mixed oxide phase (IR band at 1874 cm 1) in Fe/ZSM-35-HT
(x = 0, 1, 2) catalysts. UV–visible DRS, UV Raman spectra, and
57
Fe Mössbauer spectra results suggest signiﬁcant modiﬁcations
in the structure of isolated and bi- and oligonuclear Fe species
upon high-temperature activation and introduction of extraframework Al species. Based on these comprehensive spectroscopic results and the activity measurements, it is concluded that
the newly formed binuclear active Fe sites with feature Raman
band at 875 cm 1 are responsible for the catalytic N2O decomposition in Fe/ZSM-35-HT (x = 0, 1, 2) catalysts. High-temperature activation and the presence of extra-framework Al species are
beneﬁcial for both the formation and the reduction in such binuclear active Fe sites stabilized by extra-framework Al species.
4. Conclusions
The effect of extra-framework Al via AlCl3 deposition on structure of the active Fe sites of Fe/ZSM-35 catalysts and the catalytic
activities in N2O decomposition has been investigated. The N2O
conversion increases with increasing extra-framework Al content
for both the calcined and high-temperature-treated Fe/ZSM-35
catalysts. High-temperature treatment profoundly changes the
iron speciation. UV–visible DRS and IR spectra of NO adsorption results show that a considerable fraction of clustered and cationic Fe
species are transformed into extra-framework Fe–O–Al mixed
oxide species upon high-temperature treatment. UV Raman spectra and 57Fe Mössbauer spectra (57Fe Mössbauer parameters
IS = 1.29–1.32 mm s 1, QS = 2.84–3.01 mm s 1) indicate the formation of binuclear Fe sites stabilized by extra-framework Al species
with a feature Raman band at 875 cm 1, which are responsible for
the high activity of N2O decomposition. The possible explanation is
that the addition of extra-framework Al species is beneﬁcial for the
formation and reduction in the binuclear active Fe sites bound to
extra-framework Al species. This work sheds light on the nature
of the active Fe sites and the function of extra-framework Al species in enhancing the catalytic performance of Fe/ZSM-35 catalysts.
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