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ABSTRACT: In this study, core—shell Fe@Fe,O; nanowires
with different iron oxide shell thickness were synthesized
through tuning water-aging time after the reduction of ferric
ions with sodium borohydride without any stirring. We found iy i &
that these Fe@Fe,0; nanowires exhibited interesting core— © — ¢ o @
shell structure dependent reactivity on the aerobic degradation on 0

of 4-chlorophenol. Characterization results revealed that the /llf\“"”" % E""”" .
core—shell structure dependent aerobic oxidative reactivity of HO” ~COOH COOH
Fe@Fe, O nanowires was arisen from the combined effects of

incrassated iron oxide shell and more surface bound ferrous ions on amorphous iron oxide shell formed during the water-aging
process. The incrassated iron oxide shell would gradually block the outward electron transfer from iron core for the subsequent
two-electron molecular oxygen activation, but more surface bound ferrous ions on iron oxide shell with prolonging aging time
could favor the single-electron molecular oxygen activation, which was confirmed by electron spin resonance spectroscopy with
spin trap technique. The mineralization of 4-chlorophenol was monitored by total organic carbon measurement and the oxidative
degradation intermediates were analyzed by gas chromatography—mass spectrometry. This study provides new physical insight
on the molecular oxygen activation mechanism of nanoscale zerovalent iron and its application on aerobic pollutant removal.
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B INTRODUCTION

Iron and its oxides are ubiquitous and profoundly influence the
environment through redox cycling of iron." In view of natural
abundance and environmental benignancy of iron, the
utilization of iron redox cycling for environmental remediation
is very attractive, but still a challenge.” For example, nanoscale
zerovalent iron (nZVI) could reductively remove various
organic (e.g, chlorinated hydrocarbons) and inorganic (e.g,
nitrate, chromate, perchlorate, metal ions) pollutants, and
therefore be widely used for the remediation of contaminated
groundwater and soil.>* However, the reductive removal of
organic pollutants with nZVI suffers from time-consuming and
incomplete mineralization in some cases.”*

In comparison with anaerobic removal of organic pollutants,
nZVI could also activate molecular oxygen in air to produce
reactive oxygen species (ROSs), including hydrogen peroxide
(H,0,), superoxide radical (e¢O,”), and hydroxyl radical
(eOH), which are capable of oxidizing contaminants that
cannot be removed by nZVI reductively.”~” Obviously, the
combination of abundant iron and molecular oxygen in air is
highly desirable for pollutant control and environmental
remediation in view of economical and environmental points
and therefore attracts much attention. For instance, Waite’s
group reported that carbothiolate herbicide and molinate could
be effectively degraded by an oxidative pathway in oxic
solutions containing nanoscale zerovalent iron particles at
initial pH of 4—8.1.%° Cheng and his co-workers combined
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zerovalent iron, ethylenediaminetetraacetic acid, and air to
develop an organic pollutant degradation system, which could
nonselectively and deeply oxidize various compounds including
4-chlorophenol, pentachlorophenol, phenol, and malathion to
low molecular weight acids and CO, at pH 5.5 under ambient
conditions.'’ Sedlak’s group found that organic ligands could
enhance reactive oxidant generation by nZVI and molecular
oxygen at near circumneutral pH,> and then systematically
studied factors affecting the yield of oxidants, as well as
quantified the oxidizing capacity of nZVI at acid or weak basic
pH conditions.”" In despite of these advances, the aerobic
pollutant removal with nZVI is far less studied than those under
anaerobic condition, hindering the environmental application of
nZVL

During the synthesis, drying, storage, shipping, and
application processes, nZVI could be easily oxidized when
exposed to the atmosphere and/or water due to its ultrafine size
and high reactivity, resulting in the formation of iron oxide shell
outside nanosized iron core. The oxide shell could protect
nZVI from further oxidation, but might alternate surface
reaction through specific interactions at the metal—oxide
interface, thus influence their final reactivity. For instance,
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Tratnyek et al prepared two kinds of nZVI by the thermal
reduction of goethite with H, (Fe'?) and the reductive
precipitation with borohydride (Fe®) and found the reductive
products of carbon tetrachloride over Fe"™ consisting of a-Fe°
and Fe;O, particles were more favorable than that over core—
shell Fe®™ with metallic Fe® particles and an oxide shell."*
Signorini et al reported that iron—iron oxide core—shell
nanoparticles exhibited size-dependent changes of local
structure and oxidation state of the oxide shell upon oxygen
exposure,"® while Kuhn et al presented that core—shell iron—
iron oxide nanoparticles possessed oxide shell dependent
magnetic properties.'* As for the aerobic degradation of
organic pollutants, it is foreseeable that the oxide shell of
nZVI would definitely influence the electron transfer from iron
core to molecular oxygen and the subsequent molecular oxygen
activation as well as the final oxidative degradation of organic
pollutants, which is of great importance for the application of
nZVI, but never reported previously to the best of our
knowledge.

Our group previously reported the synthesis and environ-
mental applications of core—shell Fe@Fe,O; nanowires.">™"
This special kind of nZVI was prepared by the reduction of
ferric ions with sodium borohydride without any stirring
because the disturbance of stirring would break the nanowires.
These nanowires were able to efficiently degrade dye pollutants
and pentachlorophenol in different Fenton systems. Mean-
while, these nZVI could be used to remove Cr(VI) from
simulated wastewater.'>™>° In this study, we synthesize core—
shell Fe@Fe,O; nanowires with different iron oxide shell
thickness through tuning water-aging time after the reduction
of ferric ions with sodium borohydride without any stirring and
investigate their reactivity toward organic pollutant removal
with using air. The resulting samples were systematically
characterized to reveal the physical insights on core—shell
structure dependent reactivity of Fe@Fe,O; nanowires.

B EXPERIMENTAL SECTION

Chemicals. NaBH, (96%), FeCl;-6H,0 (analytic reagent),
Fe;0, (99%), and FeSO,7H,0 (analytic reagent) were
purchased from Sinopharm Chemical Reagent Co. Ltd,
China. 4-chlorophenol (4-CP, >99%) was obtained from
Acros, Pittsburgh, PA. N,N-dethyl-1,4-phenylene-diamine
(DPD) was purchased from Alfa-Aesar, Ward Hill, MA.
Horseradish peroxidase (POD, specific activity of 100 units
m™'), bipyridine (analytic reagent), terephthalic acid (TA) and
2-hydroxyterephthalic acid (TAOH) were purchased from
Aladdin Chemistry Co. Ltd., China. Methanol (HPLC grade)
was purchased from Tedia Company, Inc, USA. Xanthine,
diethylenetriaminepentaacetic acid (DTPA), superoxide dis-
mutase (SOD), and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich (St. Louis, MO). Spin trap S-
tert-butoxycarbonyl S-methyl-1-pyrroline N-oxide (BMPO)
was purchased from Bioanalytical Lab (Sarasota, FL); catalase
and xanthine oxidase (XOD) came from Roche Applied
Science (Indianapolis, IN). Deionized water was used
throughout the experiments.

Samples Preparation. The core—shell Fe@Fe,O; nano-
wires (CSFNs) were synthesized by the reduction of 0.01 mol/
L of FeCl;-6H,0 aqueous solution with 0.4 mol/L of NaBH,
aqueous solution without any stirring.''® Four kinds of
CSNFs were synthesized by aging the freshly prepared
nanowires in water for 0, 2, 4, and 6 h, which were denoted
as CSEN-0, CSEN-2, CSEN-4, and CSFEN-6, respectively. The
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detailed synthesis procedure is provided in the Supporting
Information (SI). For comparison, Fe,O; nanoplates were
prepared according to a literature reported method.”"

Aerobic Degradation of 4-CP. The reactivity of CSFNs
toward organic pollutant removal with using air was evaluated
with the aerobic degradation of 4-CP, which were carried out in
25 mL conical beakers at room temperature of about 25 °C.
The initial pH of 4-CP solution was 6.0 without any adjusting.
To initiate a reaction, 0.112 g of CSFNs was added to a 10 mL
stock solution containing of 1.1 mmol/L of 4-CP under air
bubbling with a flow of 1.5 L/min. In some cases, the initial pH
of 4-CP solution was adjusted to 4.0 and 8.0 with 0.1 mol/L of
H,SO, and 0.1 mol/L of NaOH, respectively. For comparison,
the anaerobic degradation of 4-CP was conducted under Ar gas
bubbling with a flow of 1.5 L/min. The aerobic degradation of
4-CP in the presence of ferrous ions, or commercial Fe;O,, or
Fe,0O; nanoplates, or ferrous ions and Fe,O; nanoplates was
also investigated. Samples were collected at regular intervals
using a 2 mL syringe and filtered immediately through a 0.22
um nylon syringe filter for high performance liquid
chromatography (HPLC, Agilent TC-C18 reverse phase
column, injection volume: 10 yL, water: methanol = 40%:
60%, column temperature: 30 °C, flow rate: 0.7 mL/min,
detection wavelength: 270 nm) analysis immediately. All the
degradation experiments were replicated for three times.

Analytic Methods. The total organic carbon (TOC)
concentration was analyzed by a Shimadzu TOC-V CPH
analyzer after filtration through 022 um filter. Hydrogen
peroxide was analyzed using the DPD method developed by
Bader et al.*> Typically, 0.4 mL of phosphate buffer solution
(pH 6) and 0.1 mL of 0.01 mol/L bipyridine solution were
premixed in a quartz cell, followed by the addition of 2 mL of
the sample, and 30 uL of 1% DPD reagent in 0.1 mol/L H,SO,,
and 30 uL of POD reagent successively. The absorbance at 551
nm was measured after the addition of the POD. Terephthalic
acid (TA) was used as the fluorescent probe for the detection
of hydroxyl radicals.”® 2-hydroxyterephthalic acid (TAOH),
which is the fluorescent product of the reaction of TA with
oOH, has a strong fluorescent emission around 426 nm when
excited at 312 nm. Fluorescence spectra of the supernatant
liquid were measured with a fluorescence spectrophotometer
(Cary Eclipse Fluorescent Spectrometer, FL1008MO018). In a
typical process, an aqueous solution with 0.01 mol/L of NaOH
and 0.5 mmol/L of TA was prepared and then reacted with 2
mL of sample solution for 10 min the subsequent fluorescence
measurements. The amount of produced TAOH was
determined by the fluorescence intensity. The ferrous ion
concentrations in the solution were measured by a modified
1,10-phenanthroline method at a wavelength of 510 nm using a
UV—vis spectrophotometer (U-3310, HITACHI).** In a typical
process, aqueous samples were added to 1 mL of 1, 10-
phenanthroline (2 g/L) in a 1 cm quartz cell, deionized water
was added to make the final volume of 3 mL. The absorbance
was measured at A = 510 nm, which is the maximal adsorption
of Fe(Il)-1,10-phenanthroline complex. Electron spin reso-
nance (ESR) spectra were obtained with a Bruker EMX ESR
Spectrometer (Billerica, MA) at room temperature. Fifty
microliter aliquots of control or sample solutions were put in
glass capillary tubes with internal diameters of 1 mm and sealed.
The capillary tubes were inserted into the ESR cavity, and the
spectra were recorded at selected times. The ESR spectra were
recorded at 2 min.
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Figure 1. SEM/HRTEM images and XPS spectra of the as-prepared core—shell Fe@Fe,O; nanowires. SEM images: (a) CSFN-0; (b) CSFN-2; (c)
CSFN-4; and (d) CSFN-6. Corresponding HRTEM images: (inset in Figure 1a) CSFN-0; (inset in Figure 1b) CSFN-2; (inset in Figure 1c) CSFN-
4; and (inset in Figure 1d) CSFN-6. XPS spectra: (e) high resolution spectra of Fe 2p, and (f) high resolution spectra of Ols.

B RESULTS AND DISCUSSION

Characterization of CSFNs. The fours samples were
analyzed using XRD (Figure S1, SI). An obvious diffraction
peak at 20 value of 44.9°, which matches well with the standard
pattern of Fe’ (JCPDS, file No. 87-722), was observed in the
four CSFNs samples. The Fe® peak intensity of the CSFNs
samples became slightly weaker with aging. The diffraction peak
at 26 values of 35.6° related to the standard patterns of Fe,0;
was not observed for all the CSFNs samples because of the
amorphous nature of Fe,O; according to our previous
study.">™"® The formation of amorphous Fe,O; shell was
confirmed by Raman spectra (Figure S2 in the SI). The bands
at 222 and 498 cm™!, and 288, 406, and 604 cm™" appeared in
the samples are ascribed to the A, stretching and E; bending
modes of Fe,Os, respectively.”®
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SEM examination revealed that the CSFN-0 and CSEN-2
were of abundant necklace-like nanowires with several tens of
micrometers in length, whereas the CSFN-4 and CSFN-6,
respectively, consisted of aggregated nanowires covered with
many irregular nanoparticles and some plate-like nanoparticles
(Figure 1), suggesting the aging process could result in surface
changes of nanowires. The TEM images of CSFNs confirmed
the existence of nanowires of 50—100 nm in width in all the
four samples, whereas the nanowires were of iron nanoparticles
core surrounded by a layer of iron oxide shell (Figure S3 in the
SI), consistent with our previous reports.'> The core—shell
structures of the CSFNs were confirmed by HRTEM analysis
(inset of Figure 1). The cores are made of crystalline
nanoparticles and the shells are amorphous in the nature,
which are consistent with XRD results. The oxide shells of
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Figure 2. (a) The temporal concentration change of 4-CP as a function of reaction time during the aerobic degradation of 4-CP over CSFNs; (b)

plots of In(C/C,) versus time.

CSFN-0, CSEN-2, CSEN-4, and CSEN-6 are, respectively, 4.9,
6.5, 7.4, and 15.5 nm in thickness, revealing that more iron
oxide shell could be generated with prolonging water aging
time because of the reactions of Fe® core with dissolved
oxygen/water in the solution.

The composition of as-prepared CSFNs was further analyzed
using X-ray photoemission spectroscopy (XPS) technique. The
survey XPS spectra reveal that the synthesized CSFNs are
composed of elements of Fe, O, and C (Figure S4a in the SI).
The C 1s peak at 284.5 eV could be attributed to the
adventitious carbon on the surface of the sample. No other C
Is peak could be observed in the high resolution C 1s XPS
spectra (Figure S4b in the SI), indicating nonexistence of
carbonaceous impurity in CSFNs. We found that various iron
in nature of Fe’ Fe', and Fe'" coexisted in the as-prepared
CSENs. The strong peak at 7104 eV, the satellite signal at
7192 eV, and the shoulder peak at 724.4 eV in the high-
resolution spectra are assigned to Fe 2p (Figure 1e).”°7>% A
peak at a low binding energy of 706.9 eV could be ascribed to
Fe’. The calculation of the peak area in Fe 2p core level spectra
gave a ratio of ferrous iron to total iron (Fe'/Fe,y,) and ferric
iron to total iron (Fe/Fe,,,) (Table S1 in the SI). It was
observed that the value of Fe'"/Fe,,, increased from 0.323 to
0.384 with the water-aged time from 0 to 6 h, confirming that
more amorphous Fe,O; shell formed during the aging.
Interestingly, the ratio of Fe'/Fe,, for the CSFNs also
increased from 0.263 to 0.312 with the water-aged time from 0
to 6 h, indicating that the amount of ferrous ions adsorbed on
the surface increased with prolonging aging time. In the aging
process, Fe® could react with dissolved oxygen and/or water,
resulting in the formation of amorphous iron oxide shell as well
as the leakage of ferrous ions into the solution. The leached
ferrous ions would then be absorbed on the surface of the
CSEN, increasing the concentration of ferrous ions in CSFNGs.
In addition, the high-resolution XPS spectra of O 1s could be
fitted by two peaks at binding energies of 530.0 and S31.5 eV,
respectively (Figure 1f). The dominant peak at 530.0 €V is
ascribed to the lattice oxygen binding with Fe (Fe,0,), while
the other peak at around 531.5 eV suggests the presence of
—OH, and H,O adsorbed on the surface.">*> Further
investigation of the peak area in O 1s core level spectra gave
a ratio of oxygen in oxides to total oxygen (Opeg03/Ororr) and
surface absorbed oxygen species to total oxygen (Oop/Ororal)
(Table S1 in the SI). The atomic ratio of Ogeos3/Oror N
CSFNs increased steady from 0.392 (CSEN-0) to 0.405
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(CSEN-6), confirming the formation of more Fe,O; shell
with prolonging aging time.

Aerobic Degradation of 4-CP over CSFNs. The
reactivity of fours CSFNs samples was evaluated by the aerobic
degradation of 4-CP at room temperature (Figure 2). 50.8% of
4-CP was removed over CSEN-0O in 7 h, while higher
efficiencies of 65.2%, 77.8%, and 72.2% for CSFN-2, CSFN-4,
and CSFN-6 were observed (Figure 2a). The aerobic
degradation 4-CP over CSENs was found to be a pseudofirst
order kinetic process (Figure 2b). The degradation rate
constants (k,.cp) over the CSEN-0, CSFN-2, CSFN-4, and
CSFN-6 were 0.10, 0.15, 0.22, and 0.19 h™", respectively (Table
S2 in the SI). The degradation rate of 4-CP over the CSFN-4
was more than 2 times that over CSEN-0. These results suggest
that water aging process could enhance aerobic degradation of
4-CP and there is an optimal aging time for the preparation of
CSFNs with higher reactivity.

A control experiment showed that 4-CP could not be
degraded in the absence of oxygen (Figure SS in the SI), ruling
out the direct reductive degradation of 4-CP. In addition, the
pH of 4-CP solution increased slightly from an initial value of
6.0 to a final value of about 7.0 (Figure S6 in the SI), which is
indicative of the consumption of H' during the aerobic
degradation of 4-CP over CSFNs. TOC measurement results
indicated that about 30% of 4-CP could be oxidized to CO,
after 10 h of degradation, revealing the partial mineralization of
4-CP during its aerobic degradation over CSFNs (Figure S7 in
the SI). GC-MS analysis revealed that intermediate products of
p-benzoquinone, phenol, and hydroquinone were generated
during the degradation of 4-CP (Figure S8 in the SI). The
aerobic degradation of 4-CP over CSFNs involved the cleavage
of bonds between the chlorine and carbon atom in the benzene
ring by ®OH radicals, as well as the partial direct dechlorination
of 4-CP by 0O, radicals (Figure S9 in the SI),'® accompanying
with the formation of ClI~ (Figure S10 in the SI).

The above results clearly demonstrated that 4-CP could be
oxidatively degraded with air over CSFNs, involving a
molecular oxygen activation process. So the aerobic degradation
of 4-CP over CSFNs is thought to be related to the
concentration of dissolved oxygen, the pH of the solution,
and the reactivity of CSFNs. Since the concentration of
dissolved oxygen and the initial pH were the same during all
the degradation processes, the different aerobic degradation
efficiencies of 4-CP might be ascribed to the reactivity of
CSFNss. It is known that surface area could affect the reactivity
of catalyst,> we therefore measured BET surface areas of the
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Figure 3. (a) The rates of hydrogen evolution (umol-h™") over CSFNs in the absence of air and k’y p during the aerobic 4-CP degradation over
CSENs as a function of thickness (nm) of iron oxide shells; (b) k';.cp during the aerobic 4-CP degradation over CSFNs as a function of the Fe''/
Fe,. The dashed lines are the nonlinear fitting curve for the data, which represents the trend of the rates of hydrogen evolution and k', cp as a
function of thickness of iron oxide shells, as well as k', cp during the aerobic 4-CP degradation over CSFNs as a function of the Fe'/Fe,,

respectively.

four samples and compared their initial rate constants before
and after being normalized to the BET specific surface area
(Table S2 in the SI). The trend of normalized rate constants
was the same as that of initial rate constants, suggesting that the
different reactivity of CSENs is not attributed to the surface
area, but to the core—shell structure difference caused by the
water-aging process.

To understand the core—shell structure dependent reactivity
of Fe@Fe,0; nanowires, we first need review the molecular
oxygen activation on the catalyst surface of metallic iron. The
oxidation of Fe to ferrous ions is thought to be accompanied
with the two-electron transfer to O, to generate H,0, (eq 1),
which would react with ferrous ions to produce ®OH with
strong oxidative ability under acidic to neutral pH conditions
(eq 2).” This two-electron reduction molecular oxygen
activation process is driven by the electron transfer from iron
core of CSENs to the surface of iron oxide shell, where the
electrons could be captured by electrophilic molecular oxygen
adsorbed on the surface of iron oxide shell.

Fe’ + 0, + 2H' = Fe** + H,0, (1)

Fe’* + H,0, — Fe’* + eOH + OH~ )

Obviously, the iron oxide shell would affect the electron
transfer process. Electron microscopy observation revealed that
the thickness of iron oxide shell increased with prolonging
water aging time (Figure 1), which could block the electron
transfer. We found the ability of CSENs to reduce water to
hydrogen under argon atmosphere gradually declined (Figure
S11 in the SI) and the hydrogen generation rates were inversely
correlated to the thickness of iron oxide shell (Figure 3a),
confirming the blocking of electron transfer because of
incrassated iron oxide shell. However, the aerobic 4-
chlorophenol removal reactivity of Fe@Fe,O; nanowires first
increased with iron oxide shell thickness increase and then
decreased, while the sample obtained with 4 h of aging
exhibited the highest activity. It is known that acid or basic
condition could reduce or increase the thickness of iron oxide
shell, respectively.”® We interestingly found the aerobic
degradation of 4-CP over the CSFN-4 decreased at either
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acid (pH 4.0) or basic condition (pH 8.0) (Figure S12 in the
SI), suggesting the aerobic 4-chlorophenol removal reactivity of
Fe@Fe,0; nanowires strongly depends on the thickness of the
iron oxide shell. Obviously, this structure dependent reactivity
could not be well explained by the two-electron reduction
molecular oxygen activation by nZVI. Therefore, a new
molecular oxygen activation pathway is thought to take place
during the aerobic degradation of 4-CP over CSFNs besides
two electron reduction molecular oxygen activation pathway via
the electron transfer from iron core to iron oxide shell of
CSFNs.

It was reported that ferrous ions bound on the surface of iron
oxide could activate molecular oxygen via single-electron
reduction pathway to produce superoxide radicals.**~** For
example, Pecher’s group demonstrated that the uptake of
ferrous iron by iron oxides resulted in the formation of various
ROSs capable of reducing polyhalogenated methanes and
indicated that the single-electron transfer pathway predomi-
nated in the ferrous iron and iron oxides system at alkaline pH
values.>* While Coughlin and Stone proposed the redox
reaction between adsorbed Fe(II) and the underlying Fe oxide
(=Fe™OH) (egs 3-5), where hydroxyl ligands at the oxide
surface could act as sigma donor ligands and increase the
electron density of the Fe(Il) species, while the presence of
surface bound Fe(II) species (=Fe''"OFe"OH/=
Fe"OFe™OH) would accelerate molecular oxygen activation
(eq 5).* Since the aforementioned XPS analysis revealed that
the amount of ferrous ions on the iron oxide surface increased
with prolonging aging time, we assume that ferrous ions bound
on iron oxide shell of CSENs would be another molecular
oxygen activation pathway to enhance the generation of ROSs
for the subsequent oxidative degradation of 4-CP.

=Fe""OH + Fe(Il) + H,0 — = Fe"'OFe"OH + 2H"
®3)

111

=Fe"OFe"OH — = Fe"OFe"OH 4)
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mM BMPO (black curve), 25 mM BMPO, and 0. One mg/mL CSFN-2 without (red curve) and with 100 U/ml SOD (blue curve); (c) ESR spectra
from samples containing 25 mM BMPO + 0.1 mg/mL CSFN-2 in water (red curve) or in 20% DMSO (black curve); (d) ESR spectra of BMPO/
©OOH and superoxide radical scavenging activity of CSEN-2. Samples contained 25 mM BMPO, 10 mM pH 7.4 PBS buffer, 1 mM Xanthine, 0.05
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=Fe"OFe"OH/
= Fe'OFe"'OH + O,

— Fe(1ll) + ¢0O,~ (s)

To validate this assumption, two control experiments of
aerobic degradation of 4-CP in the presence of ferrous iron
and/or Fe,0; nanoplates were performed (Figure S13 in the
SI). It was found that the degradation of 4-CP was negligible in
the presence of ferrous iron (5.3%) or Fe,O; nanoplates
(4.1%). However, a much higher aerobic degradation (19.8%)
of 4-CP was observed in the presence of ferrous ions and
Fe,0;, suggesting that the interaction between ferrous ions and
iron oxides could contribute to the aerobic degradation of 4-CP
via the single-electron reduction pathway of molecular oxygen
activation. We also checked the changes of normalized
degradation rates k', cp with ferrous ions contents in CSFNs
and interestingly found the k' cp were positively correlated to
the amount of Fe(II) bound to the iron oxide shell (Figure 3b),
confirming more surface bound ferrous ions could favor the
single-electron molecular oxygen activation, which could
counteract the negative effect of incrassated iron oxide shell
on the two electron reduction molecular oxygen activation. We
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also found that the degradation of 4-CP was negligible in the
presence of commercial Fe;O, (Figure S13 in the SI), revealing
that the higher reactivity in aged CSFNs in this study was not
attributed to the amorphous magnetite possibly formed on the
surface of CSENSs, but to the surface bound ferrous ions.
S-tert-butoxycarbonyl S-methyl-N-oxide (BMPO), which was
often used as spin traps to capture hydroxyl radical and
superoxide, was chosen to investigate the ROSs generated by
CSFNs and molecular oxygen. Figure 4a shows the ESR spectra
obtained from the sample containing BMPO in the absence and
presence of CSFN-2. No characteristic ESR spectra for spin
adduct attributable to hydroxyl radical and superoxide was
observed in the absence of CSEN-2. A four-line ESR spectrum
with relative intensities of 1:2:2:1 and hyperfine splitting
parameters of a¥ = 13.56, ’H = 12.30, a’H = 0.66 appeared
upon the addition of CSFEN-2, which is characteristic for spin
adduct BMPO/eOH (marked with square).36 This result
confirms that hydroxyl radicals could be produced from the
CSFNs aqueous suspensions. The hydroxyl radicals induced by
CSFN-2 were almost totally inhibited by catalase, which is the
enzyme can catalyze the decomposition of hydrogen peroxide
to water and oxygen quickly. This implied that hydrogen
peroxide is an intermediate for the production of hydroxyl
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radicals via the Fenton reaction between hydrogen peroxide
and ferrous ions.**” The addition of 20% DMSO, a commonly
recognized hydroxyl radical scavenger, reduced the BMPO/
oOH ESR signal intensity and resulted in the formation of new
ESR spectrum characteristic for spin adduct of BMPO/eCH,
(marked with asterisk), evidencing indirectly the generation of
hydroxyl radicals in CSFN-2 suspensions (Figure 4b). As Fe@
Fe,0; nanowires had better dispersion in DMSO than in water,
we thus conducted further ESR experiment using Fe@Fe,0;
suspension in DMSO.

Although some researchers have reported the generation of
superoxide in Fe based nanoparticles system,* we did not
observe the typical ESR spectrum for spin adduct BMPO/
©0,”, which is the most acceptable and direct evidence of
superoxide. To check if superoxide is generated from the
molecular oxygen activation by Fe@Fe,O; nanowires, we turn
to study the interaction between Fe@Fe,O; nanowires and
superoxide. Superoxide could be generated by the classic
enzymatic reaction of xanthine and XOD, which was used to
examine the superoxide scavenging activity of Fe,O; nano-
particles.>> Figure 4c shows the typical ESR spectrum of spin
adduct BMPO/eOOH (marked with diamond) having four
lines with relative intensities of 1:1:1:1 and hyperfine splitting
parameters of ay = 13.4, a’y; = 12.1 in the aqueous solution of
xanthine and XOD. It worthy noted that DMSO caused
negligible effect on the superoxide products. However, after
adding 0.1 mg/mL CSFN-2 (20% DMSO) suspension, the
BMPO/eOOH ESR signal intensity decreased considerably,
accompanying with the appearance of the signal of BMPO/
oCHj;. As expected, the ESR signal intensity decreased greatly
when 1 U/mL SOD was added to the aqueous solution of
xanthine and XOD because of its ability to dismutate
superoxide. These results indicated that Fe@Fe,O; nanowires
could not only scavenge the superoxide, but also may enhance
the generation of hydroxyl radicals, proven by the formation of
BMPO/eCHj; signal. Further experiment was conducted to
study the effect of SOD on the apparent BMPO/eOH ESR
signal in CSFNs system (Figure 4d). The BMPO/eOH signal
intensity decreased after the addition of SOD, providing an
indirect evidence for the generation of superoxide in CSFNs
system. The typical ESR spectrum of BMPO/eOOH was
indistinctive in our work, which may be due to the strong
intensity of BMPO/eOH signal and the superposition of
BMPO/eOH and BMPO/eOOH signals. The reason for no
ESR signal of BMPO/eO,” in the Fe@Fe,O; nanowires
aqueous suspension might be attributed to the superoxide
scavenging activity of Fe,O; nanoparticles on the surface of
Fe@Fe,O; nanowires and/or the fast reactions between
superoxide and ferrous irons (eq 6) or ferric ions (eq 7).>®

Fe(Il) + O, + HY — Fe(Ill) + H,0, k = 1 X 10’
(6)

(7)

The active species trapping experiments were then carried
out by adding isopropyl alcohol (eOH scavenger), catalase
(H,0, scavenger), and superoxide dismutase (SOD, ¢0O,~
scavenger) as scavengers to the aerobic 4-CP degradation
solution in presence of the CSFN-4 (Figure S14 in the SI). The
addition of these three scavengers could inhibit the aerobic
degradation of 4-CP (Figure S14a in the SI), confirming the
involving of 0,7, H,0,, and eOH species in the aerobic
degradation of 4-CP over Fe@Fe,0; nanowires. Moreover, the

Fe(Ill) + 00, — Fe(Il) + O, k = 5 X 10
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amount of ®OH generated over different CSFNs was quantified
by the fluorescence method (Figure S14b in the SI), revealing
that CSEN-4 could generate more ®OH radicals than other
samples via molecular oxygen activation, which is consistent
with the results of aerobic 4-CP degradation.

On the basis of all the above results and discussions, a
possible mechanism for the formation of core—shell structure
and the structure-dependent aerobic catalytic degradation of 4-
CP over CSFNss is proposed in Scheme 1. As shown in Scheme

Scheme 1. (a) Formation of CSFNs with prolonging water
aging time; (b) possible molecular oxygen activation
pathway over the Fe@Fe,O; nanowires
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1a, iron oxide was initially generated and grown on the surface
of iron nanowires when freshly prepared iron nanowires were
exposed to water, resulting in the formation of core—shell
structure. With prolonging aging time, the iron core decreased,
accompanying with iron oxide shell growth and ferrous ions
leaching. These ferrous ions would be adsorbed on the iron
oxide shell subsequently, leading to in situ formation of surface
bound ferrous ions (Fe™, . 4). The amount of surface bound
ferrous ions would increase with prolonging aging time. As for
the aerobic degradation of 4-CP over CSFNs (Scheme 1b), the
first step was the oxidation of nanosized iron core via electron
transfer from iron core to the surface of iron oxide shell along
the conduction band. The electron transfer was spontaneously
driven by lower work function (4.5 eV) of Fe’ than that (5.6
eV) of Fe,O;. Therefore, the Ohmic contact between iron core
and iron oxide shell would result in band bending and electrons
flow from the iron core to the conduction band of the Fe,O4
shell to lower their energies until the positions of their Fermi
energy levels are adjusted to the same value.’”** Since the
conduction band position of iron oxide is 0.26 V vs NHE, more
positive than the reduction potential (—0.33 V vs NHE) of O,/
©0,”, but more negative than the reduction potential (0.69 V
vs NHE) of O,/H,0,, the electrons on the conduction band of
iron oxide would only reduce molecular oxygen absorbed on
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the CSFNs surface via a two-electron reduction pathway to
generate H,0,.” As the ferrous ions leached into the aqueous
solution during the process®® (Figure S15 in the SI), the
generated H,0, would then react with both dissolved and
surface bound ferrous ions to produce hydroxyl radicals for the
oxidative degradation of 4-CP. In view of the semiconducting
characteristic of iron oxide, the electron transfer from iron core
to iron oxide shell and the subsequent electron transportation
among the iron oxide shell would become slower with the shell
thickness increase and even be blocked gradually (as revealed
by hydrogen generation in Figure 3a), inhibiting the two-
electron reduction molecular oxygen activation pathway. On
the contrary, the surface bound ferrous ions on the iron oxide
shell could then initiate the single-electron reduction of oxygen
to activate molecular oxygen for the generation of superoxide
radicals, H,0, and hydroxyl radicals to further oxidize 4-CP.
With prolonging aging time, more surface bound ferrous ions
could form and then promote the single-electron molecular
oxygen activation pathway to generate more ROSs, which could
counteract the negative effect of incrassated iron oxide shell on
the two electron reduction molecular oxygen activation. The
combination of two kinds of molecular oxygen activation
pathway could well explain the core—shell structure dependent
aerobic oxidative reactivity of Fe@Fe,O; nanowires. See
Scheme 1.
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