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UV Raman Spectroscopic Studies on the Mechanism of FeAIPO,4-5 Synthesis
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Abstract: FeAIPO4-5 samples with various iron contents were investigated by UV resonance Raman spectroscopy and UV-Vis spectroscopy.
The Raman spectra of FeAIPO,-5 show four feature bands related to the framework iron at 630, 1060, 1140, and 1210 cm ™' when excited by
266 nm laser. It is found that only part of ferric ions could enter into the framework, while the others exist in the extra-framework in the form
of six-coordinated state. This kind of iron gives characteristic Raman band at 285 cm™. Combined with UV resonance Raman spectroscopy,
UV-Vis spectroscopy, and X-ray diffraction, the crystallization process of FeAIPO,-5 (Al/Fe = 760) was studied. It is found that, in the early
stages of the crystallization, the iron species exist in the form of six-coordinated state while attached to the end of the 1-dimensional AIPO,
chain. The Fe—O bonds in the six-coordinated state hamper the crystallization of AIPO,. The crystallization of the FeAIPO,-5 began when the
reaction between the 1-dimensional AIPO, chains occurred. At the same time, the six-coordinated ferric ions converted to the tetrahedral iron.
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Fig. 1. XRD patterns (a) and UV-Vis spectra (b) of FeAIPO,-5 sam-
ples with different Al/Fe ratios.
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Fig. 2. Raman spectra (1ex= 266 nm) (a) and relation between /(630
cm H)/1(500 cm™) value and Fe content (b) of FeAIPO,-5 samples H.
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Fig. 3. XRD patterns (a) and UV-Vis spectra (b) of FeAIPO,-5 crys-
tallized for different time.
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The discovery of AIPO,-n is regarded as a milestone in the
development of molecular sieves [1]. The incorporation of
heteroatoms into aluminophosphates has played an important
role in enhancing their applications in the fields of adsorp-
tion, separation, formation of host-guest advanced materials,
and catalysis. Fe-containing molecular sieves have attracted
widespread interest because of their unique catalytic proper-
ties in a number of reactions, especially in redox catalysis.

Fe-ZSM-5 zeolite is especially interesting because of its
excellent catalytic performance in environmental catalysis
and in selective oxidation etc [2]. Understanding the active
sites on Fe-ZSM-5 is important in this field. Generally, the
coordinatively unsaturated iron species present in the
non-framework positions within the pores of the zeolite are
thought to be the active sites [2—8]. However, framework
iron is considered to be the active center in the FeAIPO,-n
catalyst. Ren et al. [9] reported that iron phosphate can serve
as a catalyst for benzene hydroxylation with high selectivity
exceeding 85% and the Fe(lll) ions are tetrahedrally coor-
dinated in the catalyst. The iron atoms are always tetrahe-
drally coordinated in the framework of the AIPO,-5 structure
and they are very good catalysts for several oxidation reac-
tions with molecular oxygen as an oxidant [10,11]. Shiju et
al. [12] found that tetrahedral iron atoms in the framework
are the active centers during benzene hydroxylation. Wei et
al. [13] reported that only when the Fe(ll) in the framework
is reduced to Fe(ll) the catalyst can become active for N,O
decomposition. Thus, information about the framework iron
atoms is very important for reactions where FeAIPOg4-n is the
catalyst. However, information on the incorporation of tran-
sition metal ions into molecular sieves is difficult to obtain
because the amount of metals incorporated into zeolite
frameworks is usually very low [14]. UV Raman spectros-
copy has been shown to be a powerful tool for the charac-
terization of molecular sieves because of decreased fluores-
cence and increased sensitivity [15,16]. In addition, because
of the resonance Raman effect information about heteroa-
toms in the framework of molecular sieves can be selectively
obtained [17-24].

In this work, UV resonance Raman spectroscopy and
UV-Vis absorption spectroscopy were used to investigate
FeAIPO,-5 with different iron contents. The evolution of the
iron species during the crystallization of FeAIPO,-5 was also
studied. The results demonstrate that the iron species trans-
form from a six-coordinated state to a tetrahedral state during
hydrothermal crystallization. Some of the iron species cannot
enter the framework and they exist in the six-coordinated
state when the iron content is relatively high. This work
sheds light on the general mechanism of transition metal
substituted molecular sieves synthesis.

1 Experimental
1.1 Sample preparation

The aluminum and phosphorus sources were pseudo-
boehmite (55% Al,O3) and HsPO,, respectively. Triethyl-
amine (TEA, 99.5%) was used as a SDA. An appropriate
amount of H3;PO, was stirred with H,O at room temperature
for 30 min followed by the addition of pseudoboehmite. The
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mixture was stirred for 120 min and TEA was added to the
mixture in a dropwise manner. Finally, the FeCl; solution
was added to the above-mentioned gel and stirred for 120
min. Crystallization was completed in stainless steel auto-
claves for 2160 min at 413 K. The solid products were col-
lected by filtration, washed with distilled water, and dried at
353 K.

For the study on the evolution of iron species during
hydrothermal crystallization, samples were taken from the
autoclaves at different time intervals, collected by filtration,
washed with distilled water, and dried at 353 K.

1.2 Sample characterization

XRD patterns were recorded on a Rigaku RINT
D/Max-2500 powder diffraction system using Cu K, radia-
tion (40 kV and 50 mA). UV Raman spectra were recorded
on a home-assembled UV Raman spectrograph using a Jo-
bin-Yvon T64000 triplestage spectrograph with a spectral
resolution of 2 cm™. The laser line at 325 nm of an He-Cd
laser was used as an exciting source with an output of 50
mW. The power of the laser at the samples was about 1.0
mW. The laser at 266 nm comes from the double-frequency
of a DPSS 532 Model 200 532 nm laser.

2 Results and discussion

2.1 Powder XRD patterns and UV-Vis spectra of
FeAIPO,-5 with different Al/Fe ratios

Figure 1(a) shows the XRD patterns of FeAIPO4-5 with
different Al/Fe ratios, which all exhibit characteristic XRD
patterns of AFI topology. Figure 1(b) shows UV-Vis spectra
of FeAIPO,-5 with different Al/Fe ratios, which are domi-
nated by one band around 260 nm as a result of oxy-
gen-to-metal (Fe*") charge transfer (CT). This band is char-
acteristic of Fe®* at the isolated tetrahedral framework sites.
With an increase in the iron content, one shoulder band at 290
nm appears and it comes from the isolated octahedral Fe**
complex. This result shows that the amount of Fe** that can
enter the framework is limited.

2.2 Raman spectra of FeAIPO,-5 with different Al/Fe
ratios

Figure 2(a) shows the Raman spectra of FeAIPO,-5 with
different Al/Fe ratios upon excitation at 266 nm, which is
within the range of the charge-transfer bands at 260 nm.
Apart from the characteristic bands of the AFI structure at
260, 400, 500, 1140, and 1240 cm [25] the UV Raman
spectra of FeAIPO,-5 with various iron content exhibit new
bands at 630, 1060, and 1210 cm . In our previous work

[19,26,27], the transitions responsible for these Raman bands
were determined by DFT calculations. The bands at 630 and
1060 cm ™ were attributed to the symmetric and asymmetric
stretching vibrations of Fe(OP),, respectively. The band at
1210 cm™* was attributed to the symmetric stretching vibra-
tions of FeO, because of the asymmetric stretching of the
P—O—-Al connected with them. However, the symmetric
stretching vibrations of FeO, cannot be distinguished be-
cause framework vibrations (1140 cm™) appear in the same
region. With an increase in the iron content, the intensities of
these Raman bands increase. Meanwhile, a new Raman band
appears at 285 cm ' and with an increase in the iron content
its intensity increase. Combined with the UV-Vis spectra, this
band comes from the highly isolated six-coordinated Fe—O
vibration [28]. The UV Raman spectra of FeAIPO,-5 with
different iron content show that the extra-framework iron
species exist even when the iron content is very low. With an
increase in iron content the extra-framework iron species
increase.

Figure 2(b) shows a plot of the intensity ratio of the band
at 630 cm ™" over that at 500 cm™* versus the Fe content in
FeAlIPO4-5. The intensity of the Raman band at 630 cm™®
increases with a lowering of the Al/Fe ratio. However, (630
cm )/1(500 cm ™) does not increase linearly. The growth rate
of the ratio decreases with a lowering of the Al/Fe molar
ratio. This result is consistent with the appearance of
six-coordinated Fe** complexes characterized by the UV-Vis
spectra of FeAIPO,-5 with a higher iron content. In particu-
lar, a six-coordinated Fe*" species appears in the Raman
spectrum when the iron content is low.

2.3 Following FeAlIPO,4-5 formation by XRD and
UV-Vis spectroscopy

Figure 3(a) shows the XRD patterns of FeAIPO4-5 (Al/Fe
= 760) at different stages of crystallization. The XRD pattern
of the sample crystallized for 120 min is indicative of the
formation of a small amount of crystals with an AFI struc-
ture. Highly crystalline FeAIPO,-5 was obtained after crys-
tallization for 2160 min.

Figure 3(b) shows the UV-Vis spectra of FeAlPO,-5
(Al/Fe = 760) at different stages of crystallization. The
UV-Vis spectrum of the precursor shows a broad band at 275
nm, which is a characteristic band of highly isolated
six-coordinated Fe** complexes. With an increase in the
crystallization time the band shifts to 260 nm and gradually
becomes stronger. The UV-Vis spectrum of the sample that
was crystallized for 2160 min shows strong charge-transfer
bands at 260 nm. This result suggests that the precursors
contain isolated six-coordinated Fe** complexes. These iron
species convert to tetrahedral framework iron gradually
during crystallization.
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2.4 Following FeAIPO,-5 formation by UV Raman
spectroscopy

Figure 4(a) shows UV Raman spectra of FeAlPO,-5
(Al/Fe = 760) excited at 325 nm for different crystallization
stages at various times. The Raman spectrum of the initial
precursor is characterized by three bands centered at 370,
500, and 1070 cm . The Raman bands at 370 and 500 cm™*
correspond to vibrational modes of the isolated octahedral
AlQOg species of pseudoboehmite. The Raman band at 1070
cm ' is assigned to the amorphous Al-O—P species. With an
increase in crystallization time the intensities of the Raman
bands at 370 and 500 cm* decrease indicating the con-
sumption and reaction of the octahedral AlOg species. With
prolonged synthesis, three Raman bands at 741, 899, and
1010 cm™* appear. These are characteristic bands of proto-
nated TEA. After 120 min, two Raman bands at 260 and 500
cm ' appear and their intensities increase in parallel. These
two bands are assigned to channel breathing vibrational
modes and deformations involving the four-membered rings,
respectively. The appearance of the Raman band at 260 cm™*
indicates that the synthesis gels are partially crystallized.
Moreover, a shoulder band at 1140 cm™ appears. This band
is assigned to coupled symmetric stretching modes of indi-
vidual PO, and AlQO, tetrahedra in which adjacent tetrahedra
vibrate in an antiphase. The appearance of this Raman band
is further evidence that the molecular sieve has crystallized.

To investigate the evolution of iron species during the
synthesis of FeAIPO,-5, the process was monitored by UV
Raman spectroscopy with excitation at 266 nm. Figure 4(b)
shows the Raman spectra obtained upon excitation at 266 nm
for FeAIPO,-5 (Al/Fe = 760) at different stages of crystalli-
zation. The Raman spectra of the samples crystallized for
0-120 min show characteristic bands of pseudoboehmite at
370 and 500 cm™ as well as a comparatively weak band
centered at 285 cm . The appearance of the Raman band at
260 cm " indicates that the synthesis gel was partially crys-
tallized. Meanwhile, Raman bands associated with frame-
work iron at 630, 1060, and 1210 cm™ appear. With in-
creasing crystallization time the intensities of these bands
increase and the band at 285 cm™ decreases. This result
demonstrates that the transformation of iron from an octa-
hedral state to a tetrahedral state is closely associated with

the formation of the framework.

Grandjean et al. [29] reported that the Co® ions hinder the
crystallization of CoAIPO,-5. It is most likely that this is
related to the requirement for Co®* ions to transform from
octahedral to tetrahedral geometry before crystallization.
Combined with the UV-Vis and the UV Raman spectra of
FeAlIPO,-5 with different iron content the Raman band at 285
cm™* arises from the octahedral isolated iron species. In the
precursor gel the iron species exist in the form of an octa-
hedral isolated state. A longer Fe—O bond hinders its reaction
with other AIPO, species. Upon the initiation of crystalliza-
tion the 1-dimensional AIPO, chains containing iron react
with other AIPO, chains nearby to form the framework.
Meanwhile, the octahedral isolated iron atoms react with the
AIPQO, species to transform into tetrahedral framework iron
(Scheme 1).

3 Conclusions

UV Raman spectroscopy and UV-Vis spectroscopy were
used to study FeAlIPO,-5 with different iron content and the
evolution of iron species during the crystallization of Fe-
AIPO,-5. The results show that not all the iron enters the
framework when the Al/Fe ratio in the precursor gel is lower
than 380. Part of the iron exists in the form of an octahedral
isolated state. The results of the UV Raman and UV-Vis
spectra of FeAIPO,-5 at different stages of crystallization
indicate that the evolution of iron during the crystallization
process is different from that of Fe-ZSM-5. In the precursor
gel of Fe-ZSM-5 the iron reacts with the gel to form tetra-
hedral iron species, which is similar to the framework iron
species. However, the iron in the precursor of FeAIPO,-5
exists in the octahedral state. With the initiation of crystal-
lization the octahedral isolated iron atoms transform into the
tetrahedral state in the framework. It is suggested that
methods such as adjusting the pH or decreasing the crystal-
lization temperature would decrease the crystallization rate.
In such a way, the octahedral isolated iron atoms might have
enough time to enter the framework and increase the amount
of lattice iron atoms.

Full-text paper available online at Elsevier ScienceDirect
http://www.sciencedirect.com/science/journal/18722067



