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Ultra-small and highly dispersive
iron oxide hydroxide as an efficient
catalyst for oxidation reactions:

a Swiss-army-knife catalyst

Mojtaba Amini?*, Younes Mousazade?, Zahra Zand?, Mojtaba Bagherzadeh* &
Mohammad Mahdi Najafpour3 6=

Ultra-small and highly dispersive (<10 nm) iron oxide hydroxide is characterized by some methods.
The compound is an efficient and stable catalyst for alcohol oxidation, organic sulfide oxidation, and
epoxidation of alkenes in the presence of H,0,. The electrochemical oxygen-evolution reaction of the
iron oxide hydroxide is also tested under acidic, neutral, and alkaline conditions. In the presence of
the iron oxide hydroxide, excellent conversions (75-100%) and selectivities of substrates (92-97%),
depending on the nature of the sulfide, were obtained. Benzylalcohols having electron-donating and-
withdrawing substituents in the aromatic ring were oxidized to produce the corresponding aldehydes
with excellent conversion (65-89%) and selectivity (96-100%) using this iron oxide hydroxide. The
conversion of styrene and cyclooctene toward the epoxidation in the presence of this catalyst are 60
and 53%, respectively. Water oxidation for the catalysts was investigated at pH 2, 6.7, 12, and 14. The
onset of OER at pH 14 is observed with a 475 mV overpotential. At 585 mV overpotential, a current
density of more than 0.18 mA/cm? and a turnover frequency of 1.5/h is observed. Operando high-
resolution visible spectroscopy at pH 14, similar to previously reported investigations, shows that
Fe(IV)=0 is an intermediate for water oxidation.

Iron oxides are compounds suited for different applications'=. The use of iron oxides as natural pigments has
taken place since prehistoric times'. Iron oxides are excellent adsorbents for lead removal from aquatic media'.
The compounds are reported as catalysts for many reactions, specifically, magnetite, and hematite are among
important catalysts for the oxidation/reduction and acid/base reactions! ™. Recently, iron oxides in a pure form
or mixed with other metal oxides have been reported as catalysts for CO oxidation, oxygen-evolution reaction
(OER), medical diagnostics, organic compounds oxidation, or degradation reactions'~®. Nanoparticle iron oxides
are even more effective than micron-sized iron oxides'™. There are many procedures for the oxidation of organic
compounds to synthesize important molecules using Fe compounds. Fe(acac), (acac: acetylacetonate) was used
for selective oxidation of sulfide to sulfoxide in the presence of molecular oxygen’. Iron(II) acetylacetonate/
SiO,/Fe;0, was reported to be a recoverable heterogeneous nanocatalyst for selective oxidation of sulfides to
sulfoxides using 30% hydrogen peroxide®. Fe(III) oxide nanoparticles supported on mesoporous silica was also
reported for the chemoselective oxidation of sulfides to sulfoxides by hydrogen peroxide®. Wang’s group reported
that Fe(II) exchanged NaY zeolite are efficient catalysts for the epoxidation of alkenes with molecular oxygen as
an oxidant'. a-Fe,O; nanoparticles effectively catalyzed the epoxidation of alkenes using molecular oxygen''.

Beller’s group reported that unsupported nano-y-Fe,O; was an excellent, stable, and highly selective catalyst
for the oxidation of olefins and alcohols to aldehydes using hydrogen peroxide as an oxidant'?. Alcohol oxidation
by iron oxides was reported by some research groups'>-"°.
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Iron-based films have been studied as electrocatalysts for OER®. However, the preparation of such films
by electrodeposition is not easy since Fe(III) ions will easily precipitate under neutral conditions®. Lyons and
Doyle reported OER by Fe oxides. They showed that OER depended on the conditions under which the iron
oxide film was generated'®.

An ultrathin Fe oxide-based film was reported, which showed a turnover number of 5.2 x 10*. The low Fe
loading (12.3 nmol cm™ on indium tin oxide electrode) was necessary for the efficiency of this catalyst'”.

The reduction of Fe(VI) to Fe(III) for synthesizing a unique Fe oxide on the surface of fluorine-doped tin
oxide (FTO) electrode was reported'®. The electrode could be used as stable water-oxidizing anodes at pH=13
to yield current densities of 1 mA cm™ at an overpotential of 550 mV%,

Herein, we used the commercial ultra-small (< 10 nm) iron oxide hydroxide (FeOOH) as an efficient catalyst
for alcohol oxidation, organic sulfide oxidation, and epoxidation of alkenes in the presence of H,0,. The catalyst
was evaluated for OER under acidic, neutral, and alkaline conditions. The commercial FeOOH is promising to be
used as catalysts for different reactions because there are easily accessible at competitive price and high quality.

Results
The highly dispersive iron oxide hydroxide (1) is pure (99.5% trace metals basis) and highly dispersed (20 wt%
in water).

At FTIR spectra of 1, a broad band at ~3300-3500 cm™ related to antisymmetric and symmetric O-H
stretchings, and at~ 1620-1630 cm™ related to H-O-H bending were observed (Fig. 1a; Fig. $1)'*%°. Mei et al.
studied FTIR spectra of a-, B-, y- and §-FeOOH and outlined the features attributed to FeOg groups in these
compounds at 400-1100 cm™" (Fig. 1a). It was reported that the FTIR bands at 883 and 795 cm™ were related to
the ~-OH bending modes in a-FeOOH (Fig. 1a)?*. The bands at 847 and 696 cm™ were attributed to the -OH
bending modes in $-FeOOH (Fig. 1a)*2. The bands at 1020 and 750 cm™ were the bending vibration of ~-OH
modes in y-FeOOH (Fig. 1a)* and finally, the bands at 575, 650, 710 and 1120 cm™ were the bending vibra-
tion of OH modes in §-FeOOH (Fig. 1a)?*. Among these iron oxide hydroxides, the FTIR spectrum of 1 was
similar to 8-FeOOH, and its attributed peaks were observed at 575, 650, 710, and 1120 cm™! (Fig. 1a). The peak
at 1200-1600 cm™! could be related to surfactants.

X-ray powder diffraction (XRD) is a fast analytical method for phase identification of a crystalline material
and information on unit cell dimensions. The analyzed material should be finely ground, homogenized, and
the average bulk composition is determined. X-ray diffraction is a common technique for the study of crystal
structures and atomic spacing.

X-ray diffraction works based on constructive interference of monochromatic X-rays and a crystalline sample.
X-ray is generated by a cathode ray tube, filtered to the monochromatic radiation, collimated to concentrate, and
focused on the sample. The interaction of the ray with the sample produces constructive interference, Bragg’s
Law, where (Eq. 1):

nA = 2dsin 0 (1)

This law relates the wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing in a
crystalline sample. These diffracted X-rays are then detected, processed, and counted. By scanning the sample
through a range of 26 angles, all possible diffraction directions of the lattice should be attained due to the ran-
dom orientation of the powdered material. According to the conversion of the diffraction peaks to d-spacings,
the identification of the crystalline material is possible because each crystalline material has a set of unique
d-spacings.

XRD showed that 1 was not crystalline, but the attributed weak peaks for §-FeOOH (Fig. 1b) (Ref. code.:
00-013-0518; crystal system: Hexagonal; a (A): 2.9410; b (A): 2.9410; c (A): 4.4900; o« (°): 90.0000; B (°):90.0000;
y (°): 120.0000; volume of cell: 33.63 A%) were observed for 1. The size of 1 was calculated at ca. 4-7 nm using
the Scherrer equation®. The size of the nanoparticle was 2-8 nm based on DLS (Fig. 1c). 1 was also highly
monodisperse in size. We found that 1 was stable at least for three years when stored at the pH range (3.0-4.0)
and 2-8 °C without any aggregation or agglomeration (Fig. 1c).

UV-Vis spectrum of 1 showed a broad peak at 300-400 nm, which was due to ligand to metal charge transfer
(Fig. 1d). However, Sherman et al. suggested that the ligand to metal charge transfer transitions in Fe(III) oxides
and silicates occur at higher energies than those suggested by others and that the visible region is an intense
Fe(II) ligand field as well as Fe(III)-Fe(I1I) pair transitions®. They suggested that both types of these transitions
are Laporte and spin-allowed via the magnetic coupling of adjacent Fe(III) cations®.

A scanning electron microscopy (SEM) is a type of electron microscopy that provides images of a sample by
scanning the surface with the electron beam. The interaction of electrons with the surface atoms in the sample
forms signals with information on the surface topography and composition of the sample. Samples are investi-
gated in high vacuum in a conventional SEM or wet conditions or environmental SEM. SEM images of 1 showed
small nanoparticles (Fig. 2a and b). A high monodispersity of particles was observed in SEM images (Fig. 2a and
b). However, the resolution of a SEM is about 10 nm (nm), which is limited by the width of the electron beam
and the interaction volume of electrons in a sample. Thus, tiny particles in Fe oxide are not clearly detectable
by SEM (Fig. 2¢). EXD-Mapping and EDX spectrum showed high dispersity for Fe and O on the surface of 1
(Fig. 2d; Fig. S2).

Transmission electron microscopy (TEM) is a microscopy method in which a beam of electrons is transmit-
ted through a sample to form an image. The sample should have an ultrathin section less than 100 nm thick or
a suspension on a grid. In TEM, an image is formed from the interaction of the electrons with the sample as the
beam is transmitted through the specimen. The resolution of a TEM is 25-50 times greater than SEM. In TEM
images for 1, amorphous and tiny nanoparticles (< 10 nm) and high monodispersity were observed (Fig. 3a;
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Figure 1. FTIR spectra of a-FeOOH, p-FeOOH, y-FeOOH, §-FeOOH, and 1. The data of FTIR spectra for
different FeFOOH phases are from ref. 20 (a). XRD patterns for 1 (blue) and §-FeOOH (black) (Ref. code.:
00-013-0518) (b). The smoothing XRD pattern for 1 is shown in red (b). DLS for 1 (13 uM) (c). UV-Visible
spectra of 1 22.4 nM (black), 33.6 nM (red), 44.8 nM (green), and 67.2 nM (blue) (d). Insert showed a
photograph of 1 in a test tube.

Fig. $3). HRTEM images showed a crystal lattice spacing of 2.5 A, corresponding to (100) plan of §-FeOOH
(Fig. 3b). After the methylphenyl sulfide oxidation (next section), the catalyst showed no change in the morphol-
ogy, phase, or size (Fig. 3c and d), which show the catalyst is stable.

Discussion
Catalytic performance of 1.  The study of catalytic performance began with an effort to optimize the reac-
tion conditions for sulfide oxidation. Methylphenylsulfide as a model substrate, and H,O, as a green oxidant
were used to optimize the sulfoxide production (Table 1). Water, as a standard “green” solvent, was selected for
all oxidation reactions. In the absence of a catalyst as a blank experiment (entry 1), a trace amount of products
was observed, which indicated that the presence of a catalyst is crucial. By continuously increasing the catalyst
amount from 22.5 to 67.4 UL (entries 2 —4), a significant increase in the conversion was observed. As indicated
in Table 1 (entries 5-7), a substantial decrease in conversion was observed by reducing the amount of oxidant.
To examine the substrate scope of the reaction, the optimized reaction conditions were then extended to a
range of different sulfides, including dialkylsulfides, cyclic sulfide, benzylalkylsulfide, and dialkylsulfides, with
H,0, as a green oxidant (Table 2). After the methylphenyl sulfide oxidation, the catalyst showed no change in
the morphology, phase, or size (Fig. 3).
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1000 nm

Figure 2. SEM images of 1 at different magnifications (a-c). EDX-Mapping for oxygen (yellow) and iron (red)
on the surface of 1 (d).

Figure 3. TEM images for 1 at different magnifications before (a, b) and after the methylphenyl sulfide
oxidation (c, d). Scale bar for inset is 5.0 nm.
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Entry | Amount of catalyst (uM) | Oxidant amount (mmol) | Conversion (%) | Selectivity (%)
1 - 0.4 11 100
2 22.5 0.4 49 99
3 44.9 0.4 81 96
4 67.4 0.4 100 92
5 67.4 0.3 84 97
6 67.4 0.2 58 98
7 67.4 0.1 37 100

Table 1. The effect of various conditions on the methylphenyl sulfide to sulfoxide for 4 h in the presence of
H,0, as an oxidant and water as solvent®. *GC yield.

Similar to the oxidation of methylphenylsulfide, excellent catalytic activities, and selectivities were obtained
for all the sulfides tested (entries 1-6). Excellent conversions (75-100%) and selectivities of substrates (92-97%),
depending on the nature of the sulfide, were obtained for all cases. The diversity of oxidation reaction catalyzed by
1 was also extended to oxidation of various alcohols. Benzylalcohols having electron-donating and -withdrawing
substituents in the aromatic ring were oxidized to produce the corresponding aldehydes with excellent conver-
sion (65-89%) and selectivity (96-100%) (entries 7-10). Furthermore, steric hindrance had little effect on the
reaction yields because of the ortho substituents in the benzylalcohols (entries 8 and 9). Secondary alcohols such
as 1-indanol and cyclohexanol could be converted to the corresponding ketones in 80% and 58% conversion,
respectively (entries 11 and 12). These results encouraged us to check the epoxidation reaction of several alkenes
in the presence of 1, but the catalytic epoxidation of styrene and cyclooctene were found to be less efficient than
that of sulfide/alcohol oxidation (entries 13 and 14).

According to the nature of the oxidation products, the mechanism of reactions was proposed. In the pres-
ence of H,0,, after the formation of Fe(IV)=0 center, the reaction of organic substrates to a Fe(IV)=0 could be
proposed as the mechanism for the oxidation reactions in the presence of 1 (Fig. S4). To show the advantage and
performance of the present catalytic system in comparison with lately reported protocols, we compared the results
of the benzyl alcohol oxidation in the presence of other nano-iron oxide catalysts'2. As shown in Table 3, in con-
trast to previously reported systems, the catalytic system presented in this paper does not suffer from the severe
reaction conditions, such as using a large amount of catalyst, long reaction time, and high reaction temperature.

Oxygen-evolution reaction (OER). OER of the catalyst in the stable potential ranges was investigated
for the catalyst at pH 2, 6.7, 12, and 14 (Fig. 4). The onset of OER in the presence of a trace amount of 1
(= 1 mg (11.2 umol), see ESI for details) using fluorine-doped tin oxide coated glass electrode (FTO) at pH 2 was
observed at 1.56 V (throughout the remaining sections, all potentials are reported vs. Ag/AgCl (KCl (3 M) refer-
ence electrode) with 660 mV overpotential (Fig. 4a). At 1100 mV overpotential, a current density of more than
1.5 mA/cm? and a turnover frequency of 1.35/h was observed. FTO showed low activity toward OER under the
same conditions. The onset of OER in the presence of 1 at pH 6.7 was observed at 1.32 V with a 690 mV overpo-
tential. At 870 mV overpotential, a current density of more than 1.45 mA/cm? and a turnover frequency of 1.3/h
were observed (Fig. 4b). The onset of OER in the presence of 1 at pH 12 was observed at 0.96 V with a 640 mV
overpotential. At 680 mV overpotential, a current density of more than 1.0 mA/cm? and a turnover frequency of
0.9/h was observed (Fig. 4¢). Finally, the onset of OER in the presence of 1 at pH 14 was observed at 0.67 V with
a 470 mV overpotential. At 580 mV overpotential, a current density of more than 0.18 mA/cm? and a turnover
frequency of 1.5/h was observed (Fig. 4d).

To compare oxygen-evolution activity and to find the reaction mechanism of electrocatalysts, a Log(A/
cm?)/overpotential or Tafel plot is generally considered. Using the Tafel method, the sensitivity of the current
to the applied potential is plotted, which provides information about the rate-determining steps. The Log(A/
cm?)/overpotential or Tafel plots were recorded for 1 in all the stated conditions (Fig. 4e). Tafel slopes are often
influenced by electron and mass transports, gas bubbles, etc. The slopes of Tafel plots for 1 at pH 2.0, 6.7, 12.0,
and 14.0 using FTO were 361.5, 203.9, 114.0 and 124.2 mV-decade™, respectively, which suggests the electron
transfer to the electrode is the rate-determining step. At pH 14 because of the production of FeO,*" at higher
potential, a different range was selected (Fig. 4). Table S1 shows a comparison of different metal-oxide based
catalysts toward OER.

In the next step, an operando high-resolution visible spectroscopy was applied for a very thin and transparent
FeOOH covered FTO. For Mn, Co, Nj, Fe, and Cu oxides, the changes in the oxidation state of the redox-active
metal can be detected by the changes in the absorption in UV/Vis area. Such electrochromic character has
been reported for materials based on metal oxides and related binary oxyhydroxides deposited on transparent
substrate electrodes (ITO or FTO glass), where a broadband absorption was recorded upon oxidation of redox-
active metal centers?’~%.

For FeOOH, the operando high-resolution visible spectroscopy showed no peak below 0.53 V, but at 0.53 V a
small peak at 475 nm was recorded; at higher potentials, in addition to this peak, other peaks at 560 and 660 nm
were also observed. In our setup, the counter electrode was separated from the working electrode by a small
salt-bridge to inhibit reaction hydrogen or other reductants to high-valent intermediates in the operando high-
resolution visible spectroscopy (for setup see Fig. S5).
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Entry | Oxidation reaction Conversion (%)" | Selectivity (%) | TON (TOF(h™))
S~e 0
1 ©/ m_ O/S\CH 100 92 2967 (741)
3
[0}
1
2 ©/S\© ©/S\© 91 94 2700 (675)
—_—
0 ¢
1
3 @/S s 99 95 2938 (734)
—_—
0
4 ©\/s\/© —_— ©\/§ 100 93 2967 (741)
O
"
S
—_—
"
6 S< B ——— S 75 97 2226 (556)
H,C" " "CH, H,C”"CH,
7 @—CI@OH—» @—CHO 89 96 2641 (660)
OMe OMe
8 71 99 2107 (527)
Cprenn—= e
9 MeO@*CH@H—» Meo—@—c}lo 85 98 2522 (631)
NO, NO,
10 65 99 1929 (482)
Cr-onon—= Chao
OH 0
11 —_— 80 100 2374 (593)
12 QOH e O:O 58 100 1721 (430)
Z o)
13 60 78 1780 (445)
—_—
14 Q—» Oo 53 100 1573 (393)

Table 2. Oxidation reactions catalyzed by 1°. *Reaction conditions; four hours; catalyst (67.4 uM),
H,O (1 mL), substrate (0.2 mmol), H,0, (0.4 mmol), at room temperature. *The GC conversion
(%) is measured relative to the starting substrate. “Selectivity to sulfoxide = (sulfoxide %/
(sulfoxide% + sulfone%)) x 100; Selectivity to benzaldehyde = (aldehyde%/(aldehyde% + carboxylic

acid%)) x 100; Selectivity to epoxide = (epoxide%/(epoxide% + aldehyde%)) x 100; TON =mol product/mol
catalyst; TOF=TON/time of reaction (4 h).

The catalytic mechanisms for OER using Fe-based catalysts have been investigated by some research
. The reported mechanisms include acid-base and radical coupling mechanisms which in both the
formation of Fe(IV)=0 group is critical (Fig. 5¢). A nucleophilic attack on Fe(IV)=0 occurs by OH or H,O
groups in acid-base mechanism?! while the radical coupling mechanisms include the reaction of two neighboring
Fe(IV)=0 groups®? and the O-O the bond formation is the rate-determining step (RDS). The Hamann’s group
assigned the peak at 898 cm™ to the Fe(IV)=0 group on the surface of a-Fe,O; during photoelectrochemical

groups

30-33

water oxidation®2.
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Entry | Catalyst Condition Conversion (%) | Selectivity (%) | References
1 Ultra-small FeOOH | 674 pmol catalyst, 0.4 mmol H,0O,, 0.2 mmol sub- 39 % This work
strate, room temperature, 4 h
1 mol% of catalyst, 10 mmol of substrate, 10 mmol 1
2 Bulk a-Fe,04 H,0,, 75 °C, 12 h 5 99
1 mol% of catalyst, 10 mmol of substrate, 10 mmol 2
3 Bulk y-Fe,0; H,0,75°C, 12 h 5 99
1 mol% of catalyst, 10 mmol of substrate, 15 mmol 12
4 Nano y-Fe,0; H,0,,75°C, 12 h 72 66

Table 3. Oxidation of organic substrates with different nano-iron oxide catalysts.
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Figure 4. CVs (scan rate 25 mV/s) of 1 in pH 2 (phosphate buffer) (a), 7 (phosphate buffer) (b), 12 (phosphate
buffer) (c) and 14 (KOH). Data for a bare FTO are shown in green. Tafel plots for 1 in pH 2 (red), 7 (black), 12
(blue), in bufferic phosphate solution and 14 (pink) in KOH.

As we observed in operando experiment (Fig. 5a and b), a broad peak at 400-700 nm for Fe oxide under OER
was related to Fe(IV) formation by some research groups®**.

All the above-mentioned experiments showed that the ultra-small and highly dispersive iron oxide hydroxide
was an efficient catalyst for many oxidation reactions.

Such ultra-small and highly dispersive iron oxide could be investigated to be a bridge between homogeneous
and heterogeneous catalysis'?>. Among different nanomaterials, ultra-small particles (< 10 nm) show even differ-
ent properties and activities than bigger particles (10-100 nm)'>*,

Importantly, such small iron oxides from impurity or formed by the decomposition of iron complexes can
catalyze many oxidation reactions. On the other hand, such species should be carefully checked in the presence
of many metal complexes since even for many pure metal complexes, the ligands are not usually stable under
the harsh condition of reactions and the formation of such active metal oxides are possible’~*. Although an

Mn oxide-based catalyst is used by Nature to oxidize water, nanosized Fe oxide shows promising activity toward
OER47’48.

Conclusions

Ultra-small iron oxide hydroxide (< 10 nm) was characterized by a number of methods. These methods showed
that iron oxide was 6-FeOOH. Using this iron oxide, excellent conversions (75-100%) and selectivities of sub-
strates (92-97%), depending on the nature of the sulfide, were obtained for the sulfide-oxidation reaction. The
iron oxide was also applied to the oxidation of various alcohols. Benzylalcohols having electron-donating and
-withdrawing substituents in the aromatic ring was oxidized to produce the corresponding aldehydes with excel-
lent conversion (65-89%) and selectivity. A moderated activity for the epoxidation of styrene and cyclooctene was
also found. A trace amount of the iron catalyst showed OER under acidic, neutral, and alkaline conditions. The
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Figure 5. Operando high-resolution visible spectroscopy for Fe oxide covered FTO as working electrode (a,
b) in KOH (pH 14). Each amperometry and its related high-resolution visible spectroscopy is in the same color
(see Fig. $4 for setup). Two schematic proposed mechanisms for OER by Fe oxide under alkaline conditions (c).

slopes of Tafel plots for 1 at pH 2.0, 6.7, 12.0, and 14.0 using FTO were 361.5,203.9, 114.0 and 124.2 mV-decade™,
respectively.

Methods. Reagents and solvents were purchased from commercial sources and were used without further
purification. Ultra-small iron oxide hydroxide (FeOOH) (1) (<10 nm) was purchased from Sigma-Aldrich
Company. H,0, (20%) was purchased from Merck Company. TEM was carried out with FEI Tecnai G* F20
transmission electron microscope (TF20 200 kV). SEM and EDX were carried out with VEGA\TESCAN-XMU.
The X-ray powder patterns were recorded with a Bruker D8 ADVANCE diffractometer (CuK, radiation). Elec-
trochemical experiments were performed using an EmStat** device from the PalmSens Company (Netherlands).
For the electrochemical investigation of iron oxide catalytic behavior in water oxidation, a three-electrode cell
was used. The cell was contained Ag|AgCl as a reference electrode, Pt as a counter electrode, and fluorine-
doped tin oxide (Sigma-Aldrich Company, FTO) as a working electrode. The electrochemical determination
was performed in bufferic phosphate solution in three different pHs (2.0, 6.7, 12.0 and 14.0). KOH was added to
a solution of phosphoric acid (0.25 M) and adjusted pH in 2, 6.7, and 12.0. 5.0 uL of iron oxide mixture (20% by
weight) was spread on the 1.0 cm? of FTO surface. The mixture on the electrode dried at 60°C and then 10 pL
of Nafion was used to fix the solids on FTO. This electrode was placed in the cell and cyclic voltammetry at dif-
ferent pHs was performed. For comparison, oxygen-evolution reaction (OER) at the same pHs and surface of
FTO electrode without iron oxide was determined. Thermodynamic potentials for OER in various pHs were
calculated by Egs. (2) and (3). Overpotential was calculated by Eq. (3).

Eeq = 1.23-0.0592 pH 2)

N = Eqpp—Eeq (3)

n: Overpotential, E,,;: Applied potential.

appl:
General procedure for the oxidation reaction. For all oxidation experiments, we used a standard pro-
cedure. To a solution of a substrate (0.2 mmol), and 1 in water (Sigma-Aldrich Company, 67.4 uM; 1 mL), H,0,
(Merck Company, 0.4 mmol) was added as an oxidant. After four hours, water (5 mL) was added, and the result-
ing mixture was extracted with EtOAc (2 x 5 mL). The collected organic phases were dried with anhydrous CaCl,
and the extract was also concentrated down to 1.0 mL by distillation in a rotary evaporator at room temperature.
Then, a sample (2 pL) was taken from the solution and was monitored by GC. Assignments of the products were
made by comparison with authentic samples.

Scientific Reports |

(2021) 11:6642 | https://doi.org/10.1038/s41598-021-85672-x nature portfolio



www.nature.com/scientificreports/

Received: 16 May 2020; Accepted: 4 March 2021
Published online: 23 March 2021

References

1

3.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.

22.
23.
24.

25.
. Sherman, D. M. & Waite, T. D. Electronic spectra of Fe** oxides and oxide hydroxides in the near IR to near UV. Am. Mineral. 70,

27.
28.
29.
30.
31.
32.
33.

34,

35.

. Cornell, R. M. & Schwertmann, U. The Iron Oxides: Structure, Properties, Reactions, Occurrences and Uses (Wiley, 2003).
2.

Yadollahi, B. & Esfahani, F. K. Efficient preparation of vic-diacetates from epoxides and acetic anhydride in the presence of iron(III)-
substituted polyoxometalate as catalyst. Chem. Lett. 36, 676-677. https://doi.org/10.1246/c1.2007.676 (2007).

Gupta, A. K. & Gupta, M. Synthesis and surface engineering of iron oxide nanoparticles for biomedical applications. Biomaterials
26, 3995-4021. https://doi.org/10.1016/j.biomaterials.2004.10.012 (2005).

. Gu, B, Schmitt, J., Chen, Z., Liang, L. & McCarthy, J. F. Adsorption and desorption of natural organic matter on iron oxide:

mechanisms and models. Environ. Sci. Technol. 28, 38-46. https://doi.org/10.1021/es00050a007 (1994).

. Zhong, L. S. et al. Self-assembled 3D flowerlike iron oxide nanostructures and their application in water treatment. Adv. Matter.

18, 2426-2431. https://doi.org/10.1002/adma.200600504 (2006).

. Chen, G, Chen, L., Ng, S. M., Man, W. L. & Lau, T. C. Chemical and visible-light-driven water oxidation by iron complexes at pH

7-9: evidence for dual-active intermediates in iron-catalyzed water oxidation. Angew. Chem. Int. Ed. 52, 1789-1791. https://doi.
org/10.1002/anie.201209116 (2013).

. Li, B. et al. Iron-catalyzed selective oxidation of sulfides to sulfoxides with the polyethylene glycol/O, system. Green Chem. 14,

130-135. https://doi.org/10.1039/C1GC15821] (2012).

. Bayat, A., Shakourian-Fard, M., Ehyaei, N. & Hashemi, M. M. A magnetic supported iron complex for selective oxidation of sulfides

to sulfoxides using 30% hydrogen peroxide at room temperature. RSC Adv. 4, 44274-44281. https://doi.org/10.1039/C4RA07356H
(2014).

. Rajabi, F, Naserian, S., Primo, A. & Luque, R. Efficient and highly selective aqueous oxidation of sulfides to sulfoxides at room

temperature catalysed by supported iron oxide nanoparticles on SBA-15. Adv. Synth. Catal. 353, 2060-2066. https://doi.org/10.
1002/adsc.201100149 (2011).

Wang, C., Liu, H. & Sun, Z. Heterogeneous photo-Fenton reaction catalyzed by nanosized iron oxides for water treatment. Int. J.
Photoenergy 2012, 801694. https://doi.org/10.1155/2012/801694 (2012).

Liang, J. et al. Iron-based heterogeneous catalysts for epoxidation of alkenes using molecular oxygen. Catal. Commun. 5, 665-669.
https://doi.org/10.1016/j.catcom.2004.08.010 (2004).

Shi, E. et al. Tuning catalytic activity between homogeneous and heterogeneous catalysis: improved activity and selectivity of free
nano-Fe,0; in selective oxidations. Angew. Chem. Int. Ed. 46, 8866-8868. https://doi.org/10.1002/anie.200703418 (2007).
Rajabi, F. et al. Aqueous oxidation of alcohols catalysed by recoverable iron oxide nanoparticles supported on aluminosilicates.
Green Chem. 15, 1232-1237. https://doi.org/10.1039/C3GC40110C (2013).

Lenze, M. & Bauer, E. B. Chemoselective, iron (II)-catalyzed oxidation of a variety of secondary alcohols over primary alcohols
utilizing H,0, as the oxidant. Chem. Commun. 49, 5889-5891. https://doi.org/10.1039/C3CC41131A (2013).

Shi, E et al. Nano-iron oxide-catalyzed selective oxidations of alcohols and olefins with hydrogen peroxide. J. Mol. Catal. A Chem.
292, 28-35. https://doi.org/10.1016/j.molcata.2008.06.008 (2008).

Lyons, M. E. & Doyle, R. L. Oxygen evolution at oxidised iron electrodes: a tale of two slopes. Int. J. Electrochem. Sci. 7, 9488-9501
(2012).

Chen, M. et al. An iron-based film for highly efficient electrocatalytic oxygen evolution from neutral aqueous solution. ACS Appl.
Mater. Interfaces 7, 21852-21859. https://doi.org/10.1021/acsami.5b06195 (2015).

Gao, M.-R. et al. Nitrogen-doped graphene supported CoSe, nanobelt composite catalyst for efficient water oxidation. ACS Nano
8, 3970-3978. https://doi.org/10.1021/nn500880v (2014).

Nakamoto, K. Infrared and Raman. Spectra of Inorganic and Coordination Compounds (Wiley, 2006).

Mei, L., Liao, L., Wang, Z. & Xu, C. Interactions between phosphoric/tannic acid and different forms of FFOOH. Adv. Mater. Sci.
Eng. 2015, 250836. https://doi.org/10.1155/2015/250836 (2015).

Yuan, B., Xu, J., Li, X. & Fu, M.-L. Preparation of Si-Al/a-FeOOH catalyst from an iron-containing waste and surface-catalytic
oxidation of methylene blue at neutral pH value in the presence of H,O,. Chem. Eng. ]. 226, 181-188. https://doi.org/10.1016/j.
cej.2013.04.058 (2013).

Bashir, S., McCabe, R. W, Boxall, C., Leaver, M. & Mobbs, D. Synthesis of a-and f-FeOOH iron oxide nanoparticles in non-ionic
surfactant medium. J. Nanopart. Res. 11, 701-706. https://doi.org/10.1007/s11051-008-9467-z (2009).

Cheng, C. Q,, Zhao, J., Cao, T. S., Fu, Q. Q. & Lei, M. K. Facile chromaticity approach for the inspection of passive films on austenitic
stainless steel. Corros. Sci. 70, 235-242. https://doi.org/10.1016/j.corsci.2013.01.035 (2013).

Carlson, L. & Schwertmann, U. Natural occurrence of feroxyhite (5-FeOOH). Clays Clay Miner. 28, 272-280. https://doi.org/10.
1346/CCMN.1980.0280405 (1980).

Cullity, B. D. Elements of X-ray Diffraction (Addison-Wesley Publishing, 1956).

1262-1269 (1985).

Smith, R. D. L. et al. Geometric distortions in nickel (oxy)hydroxide electrocatalysts by redox inactive iron ions. Energy Environ.
Sci. 11, 2476-2485. https://doi.org/10.1039/C8EE01063C (2018).

Zaharieva, I. et al. Water oxidation catalysis—role of redox and structural dynamics in biological photosynthesis and inorganic
manganese oxides. Energy Environ. Sci. 9, 2433-2443. https://doi.org/10.1039/C6EE01222A (2016).

Smith, R. D. L. et al. Spectroscopic identification of active sites for the oxygen evolution reaction on iron-cobalt oxides. Nat. Com-
mun. 8, 2022. https://doi.org/10.1038/s41467-017-01949-8 (2017).

Zhang, M. & Frei, H. Water oxidation mechanisms of metal oxide catalysts by vibrational spectroscopy of transient intermediates.
Annu. Rev. Phys. Chem. 68, 209-231. https://doi.org/10.1146/annurev-physchem-052516-050655 (2017).

Zandi, O. & Hamann, T. W. Determination of photoelectrochemical water oxidation intermediates on hematite electrode surfaces
using operando infrared spectroscopy. Nat. Chem. 8, 778-783. https://doi.org/10.1038/nchem.2557 (2016).

Le Formal, E et al. Rate law analysis of water oxidation on a hematite surface. J. Am. Chem. Soc. 137(20), 6629-6637. https://doi.
org/10.1021/jacs.5b02576 (2015).

Takashima, T., Ishikawa, K. & Irie, H. Detection of intermediate species in oxygen evolution on hematite electrodes using spec-
troelectrochemical measurements. J. Phys. Chem. C 120(43), 24827-24834. https://doi.org/10.1021/acs.jpcc.6b07978 (2016).
Liu, Y., Le Formal, F, Boudoire, F. & Guijarro, N. Hematite photoanodes for solar water splitting: a detailed spectroelectrochemical
analysis on the pH-dependent performance. ACS Appl. Energy Mater. 2(9), 6825-6833. https://doi.org/10.1021/acsaem.9b01261
(2019).

Jolivet, J.-P,, Chanéac, C. & Tronc, E. Iron oxide chemistry. From molecular clusters to extended solid networks. Chem. Commun.
https://doi.org/10.1039/B304532N (2004).

Scientific Reports |

(2021) 11:6642 | https://doi.org/10.1038/s41598-021-85672-x nature portfolio


https://doi.org/10.1246/cl.2007.676
https://doi.org/10.1016/j.biomaterials.2004.10.012
https://doi.org/10.1021/es00050a007
https://doi.org/10.1002/adma.200600504
https://doi.org/10.1002/anie.201209116
https://doi.org/10.1002/anie.201209116
https://doi.org/10.1039/C1GC15821J
https://doi.org/10.1039/C4RA07356H
https://doi.org/10.1002/adsc.201100149
https://doi.org/10.1002/adsc.201100149
https://doi.org/10.1155/2012/801694
https://doi.org/10.1016/j.catcom.2004.08.010
https://doi.org/10.1002/anie.200703418
https://doi.org/10.1039/C3GC40110C
https://doi.org/10.1039/C3CC41131A
https://doi.org/10.1016/j.molcata.2008.06.008
https://doi.org/10.1021/acsami.5b06195
https://doi.org/10.1021/nn500880v
https://doi.org/10.1155/2015/250836
https://doi.org/10.1016/j.cej.2013.04.058
https://doi.org/10.1016/j.cej.2013.04.058
https://doi.org/10.1007/s11051-008-9467-z
https://doi.org/10.1016/j.corsci.2013.01.035
https://doi.org/10.1346/CCMN.1980.0280405
https://doi.org/10.1346/CCMN.1980.0280405
https://doi.org/10.1039/C8EE01063C
https://doi.org/10.1039/C6EE01222A
https://doi.org/10.1038/s41467-017-01949-8
https://doi.org/10.1146/annurev-physchem-052516-050655
https://doi.org/10.1038/nchem.2557
https://doi.org/10.1021/jacs.5b02576
https://doi.org/10.1021/jacs.5b02576
https://doi.org/10.1021/acs.jpcc.6b07978
https://doi.org/10.1021/acsaem.9b01261
https://doi.org/10.1039/B304532N

www.nature.com/scientificreports/

36. Hocking, R. K. et al. Water-oxidation catalysis by manganese in a geochemical-like cycle. Nat. Chem. 3, 461-466. https://doi.org/
10.1038/nchem.1049 (2011).

37. Najafpour, M., Moghaddam, A. N., Dau, H. & Zaharieva, I. Fragments of layered manganese oxide are the real water oxidation
catalyst after transformation of molecular precursor on clay. . Am. Chem. Soc. 136, 7245-7248. https://doi.org/10.1021/ja5028716
(2014).

38. Tagore, R., Chen, H., Zhang, H., Crabtree, R. H. & Brudvig, G. W. Homogeneous water oxidation by a di-p-oxo dimanganese
complex in the presence of Ce**. Inorg. Chim. Acta 360, 2983-2989. https://doi.org/10.1016/j.ica.2007.02.020 (2007).

39. Najafpour, M. M., Kozlev¢ar, B., McKee, V., Jagli¢i¢, Z. & Jagodic¢, M. The first pentanuclear heterobimetallic coordination cation
with Celll, CelV and MnlIL Inorg. Chem. Commun. 14, 125-127. https://doi.org/10.1016/j.inoche.2010.10.002 (2011).

40. Najafpour, M. M., Safdari, R., Ebrahimi, E, Rafighi, P. & Bagheri, R. Water oxidation by a soluble iron (IIT)-cyclen complex: new
findings. Dalton Trans. 45, 2618-2623. https://doi.org/10.1039/C5DT04467G (2016).

41. Najafpour, M. M. et al. New findings and the current controversies for water oxidation by a copper (II)-azo complex: homogeneous
or heterogeneous?. Dalton Trans. 44, 15435-15440. https://doi.org/10.1039/C5DT01836F (2015).

42. Junge, H. et al. Water oxidation with molecularly defined iridium complexes: insights into homogeneous versus heterogeneous
catalysis. Chem. Eur. ]. 18, 12749-12758. https://doi.org/10.1002/chem.201201472 (2012).

43. Stracke, J. J. & Finke, R. G. Distinguishing homogeneous from heterogeneous water oxidation catalysis when beginning with
polyoxometalates. ACS Catal. 4,909-933. https://doi.org/10.1021/cs4011716 (2014).

44. Fukuzumi, S. & Hong, D. Homogeneous versus heterogeneous catalysts in water oxidation. Eur. J. Inorg. Chem. 645-659, 2014.
https://doi.org/10.1002/ejic.201300684 (2014).

45. Heidari, S. et al. Electrochemical water oxidation by simple manganese salts. Sci. Rep. 9, 1-12 (2019).

46. Wang, J.-W,, Sahoo, P. & Lu, T.-B. Reinvestigation of water oxidation catalyzed by a dinuclear cobalt polypyridine complex: iden-
tification of CoOy as a real heterogeneous catalyst. ACS Catal. 6, 5062-5068. https://doi.org/10.1021/acscatal.6b00798 (2016).

47. Najafpour, M. M. A possible evolutionary origin for the Mn, cluster in photosystem II: from manganese superoxide dismutase to
oxygen evolving complex. Orig. Life Evol. Biosph. 39, 151-163. https://doi.org/10.1007/5s11084-009-9159-4 (2009).

48. Najafpour, M. M., Ghobadi, M. Z., Larkum, A. W,, Shen, J. R. & Allakhverdiev, S. I. The biological water-oxidizing complex at the
nano-bio interface. Trends Plant Sci. 20, 559-568. https://doi.org/10.1016/j.tplants.2015.06.005 (2015).

Acknowledgements

The authors are grateful to Institute for Advanced Studies in Basic Sciences, the National Elite Foundation,
Sharif University of Technology, and University of Maragheh for financial support. Dedicated to the memory of
Professor Mohammad Reza Saidi who passed away in the summer of 2020.

Author contributions
M.A., M.B., and M.M.N. proposed the concept. M.A., Y.M., and Z.Z. performed the experiments. All authors
analyzed data and wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-85672-x.

Correspondence and requests for materials should be addressed to M.A. or M.M.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:6642 | https://doi.org/10.1038/s41598-021-85672-x nature portfolio


https://doi.org/10.1038/nchem.1049
https://doi.org/10.1038/nchem.1049
https://doi.org/10.1021/ja5028716
https://doi.org/10.1016/j.ica.2007.02.020
https://doi.org/10.1016/j.inoche.2010.10.002
https://doi.org/10.1039/C5DT04467G
https://doi.org/10.1039/C5DT01836F
https://doi.org/10.1002/chem.201201472
https://doi.org/10.1021/cs4011716
https://doi.org/10.1002/ejic.201300684
https://doi.org/10.1021/acscatal.6b00798
https://doi.org/10.1007/s11084-009-9159-4
https://doi.org/10.1016/j.tplants.2015.06.005
https://doi.org/10.1038/s41598-021-85672-x
https://doi.org/10.1038/s41598-021-85672-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Ultra-small and highly dispersive iron oxide hydroxide as an efficient catalyst for oxidation reactions: a Swiss-army-knife catalyst
	Results
	Discussion
	Catalytic performance of 1. 
	Oxygen-evolution reaction (OER). 

	Conclusions
	Methods. 
	General procedure for the oxidation reaction. 

	References
	Acknowledgements


