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The design of efficient iron-based catalysts remains a great challenge for selective cyclohexane oxidation to cyclohexanone
under mild conditions. Because of the complex distribution of iron location on the support, the selectivity is always low. Here, we
report a general strategy to selectively deposit highly-dispersed FeOx into the micropore of ZSM-5 by atomic layer deposition
(ALD). The framework of ZSM-5 and the Brønsted acid sites are intact during ALD, and the Fe species are selectively deposited
onto the defect and Lewis acid sites of ZSM-5. Besides, more Fe–O–Si bonds are formed over FeOx/ZSM-5 with a low loading of
Fe, while FeOx nanoparticles are generated at high Fe loading. They cannot be realized by the traditional solution method. The
obtained FeOx/ZSM-5 catalysts perform high selectivity of cyclohexanone (92%–97%), and ALD cycle numbers of FeOx control
the activity. Compared with the Fe nanoparticles, the Fe–O–Si species performs higher turnover frequency and stability in the
oxidation reaction.
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1 Introduction

The design of highly-efficient catalysts for selective oxida-
tion of the C–H bond of alkanes at low temperatures is of
great importance in both the scientific research and industrial
conversion of coal, petroleum, and natural gas [1,2]. For
instance, cyclohexane oxidation can produce cyclohexanol
and cyclohexanone, which are important intermediate pro-
ducts in the production of nylon-6 and nylon 66 [3–5].
However, the industrial process for the oxidation of cyclo-
hexane by air or oxygen in the presence of homogenous
cobalt or manganese salt catalysts suffers from a high reac-
tion temperature and pressure, low activity and selectivity,
and severe environmental pollution [1,6,7]. It is highly de-

sirable to develop high-performance heterogeneous catalysts
and processes for the oxidation of cyclohexane at low-tem-
peratures.
Compared with other oxidants, such as air, oxygen, and

tert-butyl hydroperoxide, hydrogen peroxide (H2O2) can
realize the oxidation of alkanes without producing many by-
products, which is expected to realize the selective conver-
sion of cyclohexane at low temperature [8–10]. Many re-
searchers focused on developing a series of supported iron-
based catalysts to simulate the alkane biological mono-
oxygenase with iron center atoms [11,12]. In the early days,
iron powder, iron-based alloy, iron oxide, and supported iron
oxide were used as catalysts for cyclohexane oxidation
[13,14]. But the cyclohexanone selectivity is relatively low
(<70%), and all the catalysts also suffer from poor stability
due to the leaching of iron active sites. After that, many
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solvent methods, such as impregnation, ion exchange, and
isomorphism substitution, are used to introduce Fe species
into the zeolite pores [15,16]. However, it is difficult to
control the dispersion and position of iron species. Generally,
the Fe ions can easily replace the H+ of Brønsted acid sites to
reduce the number of Brønsted acid sites, and many types of
Fe species will be formed on other different potential sites of
ZSM-5 (Lewis acid sites and defect sites, etc.). The coex-
istence of multiple active centers on the catalyst became one
of the main reasons for the low selectivity.
Atomic layer deposition (ALD) is a thin-film deposition

technology by single-layer chemisorption and reaction of
vapor precursors on the surface of substrates [17–20]. It can
precisely control the size, uniformity, and composition of the
metal active species at the atomic or molecular levels by
merely changing deposition conditions such as cycle num-
bers and temperatures [21,22]. Herein, we report a general
strategy to selectively deposit high-dispersed Fe species into
the micropore of ZSM-5 without the formation of Fe ions by
ALD. Ferrocene (Fe(Cp)2) is used as a precursor for the
deposition since its kinetic diameter is smaller than the pore
size of ZSM-5. Although the ZSM-5 has many potential sites
for the deposition in the micropore, the self-limiting reaction
between Fe(Cp)2 and the ZSM-5 controls the location of Fe
species. The generation of Fe ions is avoided by retaining the
Brønsted acid sites. Moreover, the Fe–O–Si bond is selec-
tively formed at low ALD cycles, and Lewis acid sites of
ZSM-5 are consumed at high ALD cycles. The obtained
FeOx/ZSM-5 performs a 97% selectivity of cyclohexanone in
cyclohexane oxidation, and the turnover frequency (TOF) is
controlled by the ALD cycle numbers.

2 Experimental

2.1 Materials

Cyclohexane (99.5%), cyclohexanol (99.5%), cyclohex-
anone (99.5%), Fe(Cp)2 (99%), tetraethylorthosilicate
(TEOS, 99.99%), and tetrapropylammonium hydroxide so-
lution (TPAOH, 50 wt.%) were obtained from Aladdin
Chemistry Co. Ltd. Iron(III) nitrate nonahydrate (Fe(NO3)3
·9H2O, 98.5%), acetonitrile (99%) and hydrogen peroxide
(30 wt.% in H2O) were purchased from Sinopharm Chemical
Reagent Co. Ltd. ZSM-5 zeolite (SiO2/Al2O3=46) was pur-
chased from Nankai University catalyst Co. Ltd. They were
commercial materials of analytical grade and used as re-
ceived without further purification. Silicalite-1 zeolite was
synthesized according to the literature [23].

2.2 Catalyst preparation

Preparation of mFeOx/ZSM-5. ALD process was carried
out in a home-made, hot-walled rotation reactor at 270 °C

using Fe(Cp)2 and ozone as the precursors. 500 mg of ZSM-5
or silicalite-1 was located in the rotation reactor for each
deposition. The size and content of FeOx in ZSM-5 were
controlled by the ALD cycle number (m), and the obtained
catalyst was denoted as mFeOx/ZSM-5. Ultrahigh purity N2

(99.999%) was used as a carrier gas at a flow of
70 mL min−1. The Fe(Cp)2 precursor container was heated to
100 °C to obtain sufficient vapor pressure. The pulse, ex-
posure, and purge time for Fe(Cp)2 were 10, 30, and 300 s,
and those for ozone 1, 10, and 150 s, respectively. 10FeOx/
silicalite-1 was obtained using the similar method mentioned
above.
Preparation of 0.27 wt.%Fe-ZSM-5. The liquid im-

pregnation was used to prepare the catalyst, 38.96 mg
Fe(NO3)3·9H2O, and 2 g ZSM-5 were added into 2 mL
deionized water and stirred for 2 h at room temperature. The
samples were obtained after the solution was dried at 110 °C
overnight and then calcined at 550 °C for 2 h.

2.3 Characterizations

N2 adsorption-desorption experiments were performed on a
Micromeritics ASAP 2020 HD88 system at the standard
boiling point of N2 (−196 °C). Samples were degassed for at
least 8 h at 200 °C under a high vacuum before each analysis.
Transmission electron microscopy (TEM), high-resolution
TEM (HRTEM), scanning transmission electron microscopy
(STEM) images, and energy dispersive X-ray spectroscopy
(EDX) mapping were taken with a JEOL-2100F field-
emission transmission electron microscope operated at
200 kV. The content of Fe in the catalysts was determined by
inductively-coupled plasma optical emission spectrometry
(ICP-OES, Agilent 725). The X-ray photoelectron spectra
(XPS) were collected on a Kratos AXIS ULTRA DLD sys-
tem with an Al Kα source (1,486.6 eV), and the C 1s peak at
284.8 eV was used as a reference for calibration. X-ray
powder diffraction (XRD) analysis was carried out on a
Bruker D2 PHASER X-ray powder diffractometer, with Cu
Kα radiation (λ=0.154 nm) operated at 40 kV.
Infrared spectra (IR) were recorded at ambient temperature

on a Bruker Tensor II IR spectrometer equipped with a li-
quid-nitrogen-cooled mercury cadmium telluride (MCT)
detector at a resolution of 2 cm−1. The nature of the acid sites
of the catalysts was determined by pyridine-IR (Py-IR) on a
PE Frontier FT-IR instrument with a resolution of 1 cm−1.
The samples were dehydrated at 400 °C for 2 h under a va-
cuum of 10−2 Pa, followed by adsorption of purified pyridine
vapor at room temperature for 1 h. The system was then
degassed and evacuated at different temperatures, and the
Py-IR spectra were recorded.
Raman spectroscopic analysis was performed on a Horiba

Scientific LabRam HR Evolution microscope with laser
excitation wavelengths of 532 nm. An in-situ cell was used
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to measure the Raman spectra under atmosphere pressure
conditions at 20 °C. Powder of the mFeOx/ZSM-5 sample
(0.05 g) was pressed into a self-sustaining tablet. Then,
20 μL of H2O2 aqueous solution was dropped onto the sur-
face of the tablet. After 5 min, 20 μL of cyclohexane was
added to the above system, and the Raman spectra were
recorded for each step.
Electron paramagnetic resonance (EPR) spectra were re-

corded using a Brucker EMX spectrometer (EMXplus-10/
12) spectrometer operating at 100 kHz field modulation.
Diffuse reflectance ultraviolet-visible (UV-vis) spectra were
examined by using a Thermo Scientific Evolution 220
spectrophotometer. For in-situ experiments, we obtained the
UV-vis spectra of the reaction solvent for different stages.

2.4 Oxidation of cyclohexane

The oxidation of cyclohexane was carried out at 70 °C in a
stainless-steel autoclave containing a 50 mL Teflon liner
vessel. In each experiment, 0.3 mL cyclohexane was mixed
with 10 mL of acetonitrile solvent and 0.20 g of catalyst.
Then, 0.48 mL of 30 wt.% aqueous solutions of hydrogen
peroxide was added slowly into the mixture. The autoclave
was flushed with argon three times and pressurized to
0.4 MPa Ar (99.999%). The reaction mixture was heated to
the desired temperature (typically 70 °C) at a stirring speed
of 1,000 rpm. At the end of the reaction, the solid particles
(catalyst) were separated by filtration, and the products were
identified by gas chromatography-mass spectrometry (Agi-
lent Technologies 7890A-5795C) equipped with an FID
detector and 30 m HP-5 capillary column. The products were
detected by gas chromatography (GC-9720, Zhejiang FuLi
chromatogram, China) equipped with an FID detector and a
30 m HP-5 capillary column.

3 Results and Discussion

3.1 Synthesis and characterizations of FeOx/ZSM-5 by
ALD

The mFeOx/ZSM-5 catalyst was prepared by ALD using
Fe(Cp)2 and ozone as precursors. A rotating reactor was
utilized to enhance precursor diffusion and the collision
probability between the support and the precursor. The self-

limiting reaction of ALD controls the size and location of Fe
species into the micropore of ZSM-5 (Figure 1). First, the
Fe(Cp)2 molecules are bonded to the surface sites in the
micropore and retain –FeCp fragments to suppress further
adsorption. The unreacted Fe(Cp)2 molecules are pumped
out through the carrier gas in vacuum. The isolated Fe spe-
cies are then generated after all the surface cyclopentadiene
ligands are oxidized by introducing O3 gas. The size and the
location of FeOx were further controlled by increasing the
ALD cycle number.
The FeOx/ZSM-5 samples were tested by several tech-

nologies. For the 10FeOx/ZSM-5 catalyst, FeOx nano-
particles cannot be observed on ZSM-5 zeolites from the
TEM and the HRTEM images (Figure 2(a) and Figure S1).
Then, STEM and EDX mapping were applied. No nano-
particle can be seen, and Fe species are uniformly dispersed
on ZSM-5 (Figure 2(b)). When further increasing the ALD
cycle number to 40, several nanoparticles distributed on the
surface of ZSM-5 were observed (Figure 2(c)). The N2 ad-
sorption-desorption results show that the specific surface
area, micropore specific surface area, and micropore volume
of the FeOx/ZSM-5 catalyst decrease with the increase of
FeOx ALD cycle numbers compared with ZSM-5 (Table 1
and Figure S2). Therefore, Fe species were mainly deposited
into the micropore of ZSM-5. Correspondingly, the Fe con-
tent in themFeOx/ZSM-5 catalyst also increases linearly with
the increase of cycle numbers from 0.09 wt.% to 0.29 wt.%,
suggesting the self-limiting property of ALD (Figure 3(a)).
In the X-ray diffraction (XRD) patterns of themFeOx/ZSM-5
catalyst (Figure 3(b)), only the ZSM-5 characteristic peaks
were observed [24], and no diffraction peak of iron oxide is
found. These results indicate that the deposition of highly-
dispersed FeOx into the micropore does not change the lattice
structure of ZSM-5.
XPS analysis was utilized to detect the chemical state of

FeOx and its interaction with the ZSM-5 (Figure 4). The Fe
2p peak is deconvoluted into three Fe species, which are
ascribed to octahedral Fe (2+, 709.6 eV), octahedral Fe (3+,
711.0 eV), and tetrahedral Fe (3+, 712.9 eV), respectively
[25,26], indicating that both Fe(2+) and Fe(3+) species are
deposited into ZSM-5. The ratio of Fe(2+) species on
10FeOx/ZSM-5 is 30%, and the value decreases to 5% on
40FeOx/ZSM-5. The interaction between Fe species and the
ZSM-5 can be revealed from the O 1s, Si 2p, and Al 2p

Figure 1 Illustration for deposition of Fe species into the micropores of ZSM-5 (color online).
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spectra (Figure 4(b–d)). In addition to the Si–O bond of
ZSM-5, Both the O 1s (534.06 eV) and Si 2p (104.5 eV)
spectra of FeOx/ZSM-5 showed a new peak at high binding
energy, indicating the formation of Fe–O–Si bonds [27–29].
The ratio of the Fe–O–Si species over 10FeOx/ZSM-5 is
higher than that over 40FeOx/ZSM-5. Moreover, a new peak
at 530.1 eV, corresponding to the Fe–O bonds of iron oxide
particles, appears in the O 1s spectrum of 40FeOx/ZSM-5. By
contrast, the binding energy of the Al–O bond [28] (74.8 eV)
does not change with the deposition of the FeOx cycle
number (Figure 4(d)), suggesting no electronic interaction

between Fe species and Al oxide species. Therefore, the Fe
species selectively bond to the silicon oxide in the form of
Fe(2+) at a low ALD cycle number, while iron oxide parti-
cles are formed at a high ALD cycle number in the form of
Fe(3+).
The interaction between the FeOx and the acid sites of

ZSM-5 was revealed by NH3 temperature-programmed
desorption (NH3-TPD) (Figure S3) and pyridine adsorption
(Figure 5(a, b)). NH3-TPD measurements show two NH3

desorption peaks at low and high temperatures, corre-
sponding to weak and strong acid sites [30,31]. The quanti-
fication (Table S1) clarifies that both the density of weak and
strong acid sites decreases with the increase of Fe loading,
indicating the deposition of Fe on acid sites. Pyridine ad-
sorption was used to evaluate the changes for different types
of acid sites. Generally, the pyridine adsorption bands at
around 1,445 cm−1 and 1,545 cm−1 are assigned to pyridine
coordinated to Brønsted acid sites and Lewis acid sites, re-
spectively [32,33]. The content of acid sites is also calculated
(Table S2). The Brønsted acid is dominated over ZSM-5
(0.27 mmol g−1 at 200 °C, and 0.19 mmol g−1 at 350 °C).
Interestingly, the content of Brønsted acid sites at all samples
is almost unchanged by increasing the Fe number of ALD
cycles. But the number of Lewis acid sites decreases from
0.078 mmol g−1 to 0.052 mmol g−1 at 200 °C (medium Lewis
acid sites) and does not change at 350 °C (strong Lewis acid
sites). It is worth noting that the decreasing number of
medium Lewis acid sites (7.0×10−6 mol gcat

−1) is similar to
that deposited Fe species (7.7×10−6 mol gcat

−1) in 10FeOx/
ZSM-5. For 40FeOx/ZSM-5, the amount of deposited Fe
species (4.0×10−5 mol gcat

−1) is 1.5 times as high as the re-

Figure 2 (a) HRTEM image and (b) EDX mapping of 10FeOx/ZSM-5.
(c) HRTEM image of 40FeOx/ZSM-5 (color online).

Figure 3 (a) Fe content and (b) XRD patterns of FeOx/ZSM-5 produced with different FeOx ALD cycle numbers (color online).

Table 1 The physicochemical properties of the samples

Catalyst SBET (m2 g−1) Smicro (m2 g−1) Smeso (m2 g−1) V (cm3 g−1)

ZSM-5 369 311 58 0.164

10FeOx/ZSM-5 362 305 57 0.162

20FeOx/ZSM-5 351 295 56 0.157

40FeOx/ZSM-5 349 293 56 0.157

SBET: BET surface area. Smicro: t-Plot micropore area. Smeso: t-Plot external surface area. V: BJH pore volume.
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duced amount of medium Lewis acid sites (2.6×10−5 mol
gcat

−1). Besides, an apparent blue-shift is observed for the
adsorption peak on Lewis acid sites. The above results
suggest that replacing the H+ of Brønsted acid sites is sup-

pressed, and Fe species are deposited on the medium Lewis
acid sites.
To further reveal the nucleation sites of FeOx on ZSM-5,

EPR and Raman were conducted. The Raman spectra in

Figure 4 (a) Fe 2p, (b) O 1s, (c) Si 2p and (d) Al 2p XPS spectra from ZSM-5, 10FeOx/ZSM-5 and 40FeOx/ZSM-5 (color online).

Figure 5 FT-IR spectra of pyridine adsorbed on pure ZSM-5, 10FeOx/ZSM-5 and 40FeOx/ZSM-5 after degassing at (a) 200 °C and (b) 350 °C. (c) Raman
spectra (λex=532 nm) of ZSM-5, 10FeOx/ZSM-5 and 40FeOx/ZSM-5. (d) EPR spectra of 10FeOx/ZSM-5 and 40FeOx/ZSM-5 at 25 °C (color online).
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Figure 5(c) show many chemical bonds derived from the
deposition of FeOx for mFeOx/ZSM-5. Typical Raman bands
at 570 cm−1, 644 cm−1, 1,047 cm−1, and 1,170 cm−1 for both
10FeOx/ZSM-5 and 40FeOx/ZSM-5 can be assigned to the
symmetric stretching vibrations of the Fe–O–Si species
[34,35], Fe–O stretching mode of Fe(3+)–OOH complexes
[36,37], and the Fe–O–Si asymmetric stretching mode of the
tetrahedral Fe(3+) in the silica framework [34,36,38], re-
spectively. The EPR signal was also utilized to reveal the
chemical bonds of Fe species. In Figure 5(d), Fe species on
10FeOx/ZSM-5 exists as two types of isolated Fe species in
strong distorted coordination (strong signal, g=4.3) as well as
isolated Fe species in high symmetry (weak signal, g=2.0)
[39–41]. In addition to the two Fe species in 10FeOx/ZSM-5,
new trivalent Fe species in the form of superparamagnetic
FeOx particles (g=2.3) are observed for 40FeOx/ZSM-5
[42,43].

3.2 The catalytic activity of FeOx/ZSM-5

Table 2 shows the catalytic performance of ZSM-5 and dif-
ferent FeOx/ZSM-5 samples in the liquid-phase oxidation of

cyclohexane by H2O2. Cyclohexanone and cyclohexanol are
the two main products. The ZSM-5 has nearly no activity in
the oxidation of cyclohexane. The conversion of cyclohex-
ane is enhanced over FeOx/ZSM-5. Avolcanic relationship is
observed between catalytic activity and the cycle number of
FeOx, while the selectivity of cyclohexanone increases from
92.5% to 97.3% with the increase of the ALD cycle number.
The selectivity of cyclohexanone (>92%) is remarkably high
and nearly not changed at different times (Figure 6(a)). The
highest conversion is observed over 40FeOx/ZSM-5 for a
3.5% conversion of cyclohexane and a cyclohexanone se-
lectivity of 97.1%. The turnover frequency (TOF) is calcu-
lated based on the Fe content. It increases with the decrease
of the ALD cycle number of FeOx (m) and reaches the
maximum values (5.9 h−1) over 10FeOx/ZSM-5. According
to the characterization results, more Fe–O–Si species are
formed over FeOx/ZSM-5 with a low loading of Fe, while
FeOx nanoparticles are generated at high Fe loading. The Fe–
O–Si species perform the higher intrinsic activity than the
FeOx nanoparticles.
We have also prepared the 0.27 wt.%FeOx/ZSM-5-IM

catalyst with the same Fe loading as 40FeOx/ZSM-5 by the

Figure 6 (a) Time-on-line profile for the liquid-phase oxidation of cyclohexane by H2O2 over 10FeOx/ZSM-5. Reaction conditions: 0.3 mL cyclohexane,
0.48 mL hydrogen peroxide (30 wt.%), 10 mL acetonitrile, 70 °C. (b) Comparison of selectivity and activity with different catalysts for the oxidation of
cyclohexane: 1. 10FeOx/ZSM-5 (ALD); 2. 40FeOx/ZSM-5 (ALD); 3. 0.27 wt.%FeOx/ZSM-5 prepared by an impregnation method; 4. Fe-ZSM-5 (Im-
pregnation, literature) [8]; 5. Fe-ZSM-5-([emim]BF4) [8]; 6. Fe-MCM-41 [47]; 7. FeAPO-5 [46]; 8. FeCl2(Tpm) [Tpm=hydrotris(pyrazol-1-yl)methane] [45].
9. Fe(III)(BPMP)Cl(μ–O)Fe(III)Cl3 [44]; K: cyclohexanone; A: cyclohexanol (color online).

Table 2 Catalyst performances of Fe-based catalysts for the oxidation of cyclohexane

Catalyst TOF (h−1) Conversion (%)
Selectivity (%)

Cyclohexanol Cyclohexanone

ZSM-5 / 0.4 / /

10FeOx/ZSM-5 5.9 2.7 7.5 92.5

20FeOx/ZSM-5 4.6 2.8 7.0 93.0

30FeOx/ZSM-5 3.3 3.1 5.4 94.6

40FeOx/ZSM-5 2.6 3.6 2.9 97.1

50FeOx/ZSM-5 2.1 3.2 2.7 97.3

10FeOx/Silicalite-1 3.3 0.6 10.5 89.5

0.27 wt.%FeOx/ZSM-5 1.6 2.1 15.0 85.0

Reaction condition: 0.2 g catalyst, 0.3 mL cyclohexane, 0.48 mL hydrogen peroxide (30 wt.%), 10 mL acetonitrile, 70 °C, 4 h.
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impregnation method, which performed a low selectivity of
cyclohexanone (85%) and also activity. The comparison
between FeOx/ZSM-5 and the reported Fe-based homo-
geneous and heterogeneous catalysts are shown in Figure 6
(b). The cyclohexanone/cyclohexanol ratio (K/A) over the
10FeOx/ZSM-5 and 40FeOx/ZSM-5 reached 12 and 33,
which is significantly higher than those reported results over
homogeneous catalysts (Fe(III)(BPMP)Cl(μ–O)Fe(III)Cl3
[44], FeCl2(Tpm) [45], etc.), and Fe-based heterogeneous
catalysts prepared by the traditional methods (FeAPO-5 [46],
Fe-ZSM-5 [8], Fe-ZSM-5([emim]BF4) [8], Fe-MCM-41
[47]). It is worth noting that all the homogeneous catalysts
have shown an extremely low selectivity of cyclohexanone.
Thus, the ALD has the advantage of controlling Fe species’
location and the selectivity of cyclohexanone.
The reusability of the 10FeOx/ZSM-5 and 40FeOx/ZSM-5

was also tested. The selectivity of cyclohexanone decreased
after the first use and did not change after further reuse for
10FeOx/ZSM-5 (Figure 7(a)). For 40FeOx/ZSM-5 (Figure 7
(b)), the selectivity change is the same as that over 10FeOx/
ZSM-5, while the activity decreased after each reuse. This
selectivity decrease might derive from the conversion of Fe
species to free Fe ions during the reaction by H2O2.
The reusability test results suggest the transform of Fe

species during the reaction. In situ UV–vis spectra of the
catalysts are measured to study the conversion of Fe species
during the reaction (Figure 7(c)). Compared with the UV
spectrum of H2O2 and 10FeOx/ZSM-5, a new band at
370 cm−1 is observed after adding the 10FeOx/ZSM-5 cata-

lyst and H2O2, which can be assigned to the Fe(3+)–OOH
complexes [48]. This Fe ion species still exists in the reaction
solution when the catalyst is removed by centrifugation.
However, no obvious reaction of the filtered solvent (Figure
S4) indicates the limited effect of solved Fe species on the
cyclohexane oxidation reaction. The in-situ Raman spec-
troscopic analysis was also carried out to further investigate
the conversion of Fe species (Figure 7(d, e)). When the H2O2

and cyclohexane were sequentially added to the surface of
10FeOx/ZSM-5, no noticeable change was observed for
10FeOx/ZSM-5. However, for 40FeOx/ZSM-5, the intensity
of a strong Raman peak at 570 cm−1 of Fe–O bonds is sig-
nificantly decreased and does not recover after adding the
cyclohexane. This indicates the irreversible transformation
of the FeOx nanoparticles during the reaction.
To reveal the influence of Brønsted acid sites, we have

deposited ten cycles of Fe species on ZSM-5 with different
Si/Al molar ratios for cyclohexane oxidation (Table S3). ICP
results show that the loading of Fe increases with the de-
crease of the Si/Al ratio. In general, a low Si/Al ratio means
increased Lewis and Brønsted acid sites. However, no po-
sitive correlation between the Si/Al ratio and activity (or
selectivity) indicates that Brønsted acid sites cannot control
the reaction. For catalysts with Si/Al ratios of 13.5 and 23,
the loading of Fe is quite similar. But the TOF and activity
are lower over 10FeOx/ZSM-5 with a lower Si/Al ratio
(13.5), indicating the negative role of Brønsted acid sites.
The Brønsted acid sites and the H2O2 solvent provide a so-
lution with strong acidity and oxidization, a harsh environ-

Figure 7 Reusability of (a) 10FeOx/ZSM-5 and (b) 40FeOx/ZSM-5. (c) In situ UV–vis of H2O2 solvent after sequential addition of 10FeOx/ZSM-5 and
cyclohexane. Raman spectra of after sequential addition of H2O2 and cyclohexane onto the surface of (d) 10FeOx/ZSM-5 and (e) 40FeOx/ZSM-5 (color
online).
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ment for the Fe species. It expects to bond Fe species on
neutral SiO2 support with strong Fe–O–Si as the right can-
didate for a highly active, stable oxidation catalyst.

4 Conclusions

In summary, we have successfully synthesized FeOx/ZSM-5
with only FeOx (isolated Fe species or FeOx nanoparticles)
by ALD. The formation of free Fe ions is suppressed. The
FeOx/ZSM-5 catalysts perform high selectivity (>92%) of
cyclohexanone and TOF in cyclohexane oxidation by H2O2.
Unlike traditional methods, the Fe species are selectively
deposited onto the vacancy sites of ZSM-5 at low ALD cy-
cles and Lewis acid sites at high ALD cycles, respectively.
The framework of ZSM-5 and the Brønsted acid sites are
intact, and no Fe ions are formed after the deposition.
Compared to the FeOx nanoparticles, the isolated Fe species
are bonding with Si in the form of Fe–O–Si, which shows
high TOF and stability in the selective oxidation of cyclo-
hexane. The selective deposition of metal oxides into the
microporous zeolites by ALD will become a new concept for
designing highly-efficient catalysts.
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