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Preparation of heterogeneous catalysts with active ferrous center is of great significance for industrial and
environmental catalytic process. Nanostructured carbon materials (NCM), which possess free-flowing 7
electrons, can coordinate with transition metal, provide confinement environment for catalysis, and act as
potential supports or ligand to construct analogous complex. However, designing such catalysts using
NCM is still seldom studied to date. Herein, we synthesized a sandwich structured ternary complex via
the coordination of Fe-loaded humic acid (HA) with C=C bond in aromatic ring of carbon nanotubes
(CNTs), in which the O/N-Fe-C interface configuration provides confinement environment for ferrous
site. The experimental and theoretical results revealed octahedrally/tetrahedrally coordinated geometry at
Fe center and the strong hybridization between CNT C n* and Fe 3d orbitals induces discretization of the
atomic charges on aromatic ring of CNTs, which facilitates O, adsorption and electron transfer from
carbon to O,, thus enhances O, activation. The O, activation by the novel HA/Fe-CNT complex can be

applied in the oxidative degradation of phenol red (PR) and bisphenol A (BPA) in aqueous media.

Introduction

Preparation of heterogeneous catalysts with ferrous active
center is important for industrial and environmental catalysis
because they can strongly absorb small gas molecules (such as O,,
NO, CO, CHy, CO,) and organic molecules, facilitate electron
transfer and promote catalytic process.' These ferrous active
sites are previously found in biological systems like heme Fe(II)
enzyme (cytochromes P450) and non-heme Fe(Il) enzymes (such
as extradiol dioxygenases and Rieske dioxygenase), which can
activate O, via an O, coordination to Fe(Il) center, formation of
0, adduct, and subsequent O-O bond cleavage.>® In addition, the
ferrous atom can keep those enzymes high reactivity and stability
via confinement in nanosized space by various ensembles such as
proteins (hemoglobin) and nanopore matrix (such as metal—
organic frameworks).”® Recent studies indicate that coordinately
unsaturated ferrous can be confined at the interface between
nanostructured transitional metal (TM: Fe, Co, Ni, etc.) oxide and
precious metals (Pt/Au)® or on the surface of core-shell
nanostructures (Cu@Pt),'® which can help to activate O, and
catalyze CO oxidation at low temperature. In those analogous
ensembles, the geometric configuration and electronic structure
contribute to the catalytic function of ferrous center. However,
preparation of heterogeneous catalysts with active ferrous center
is still a great challenge because of their complex and flexible
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structure.

The use of nanostructured carbon materials (NCMs) to
stabilize the ferrous center is a currently unexplored yet
highly promising. The NCMs, such as fullerene, carbon
nanotubes (CNTs) and graphene, compose entirely of sp’-
hybridized carbon atoms and abundant free-flowing 7 electrons
on surface, becoming potentially cheap, non-polluting and
reusable heterogeneous catalysts in the development of modern
sustainable green chemistry, and is expected to replace precious
metal catalyst.'"'? Additionally, NCMs, similar to carbene, 7
alkene, and 7~alkyne, may act as carbon = ligands to coordinate
with transitional metals (TMs) in an 7', 777- or an 7°~-mode, which
may be used to design ferrous catalytic center via TM-C bond."*
!5 Furthermore, it has been reported that CNTs and fullerene,
utilizing nanosized channels and cavities, provide intriguing
confined environment for catalysts and reactants. Previous studies
revealed that confinement inside CNTs facilitated the reduction
of iron oxides'®'® and iron nitride nanoparticles.' For instance,
the reduced state of Fe,O; and FeN nanoparticles (NPs) confined
in CNTs have been identified as FeO, Fe, and Fe,C, phase for the
Fe,0; NPs;'® and carbonitride (FeC,N,_, and Fe,C,N,_,)" for the
FeN ones under Fischer-Tropsch reaction conditions, which
enhanced their catalytic activities.”® Thus, the active ferrous site
may be constrained on the surface of NCMs and possesses novel
electronic properties and reactivities induced by their unique
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coordination environment.

Herein, we utilize Fe-loaded humic acid (HA, CoHgNOy) as
ligands to interact with CNTs and synthesize a ternary sandwich-
type HA/Fe-CNT complex, which can confine the active ferrous
center at the interface between HA and CNTs. HA molecules
possess rich oxygen/nitrogen-containing functional groups in the
aromatic rings, thus can interact with CNTs via 7~ stacking and
provid coordination sites for iron cation as well. More
importantly, HA is a naturally occurring organic substance, thus
the complex HA/Fe-CNTs can be obtained on a large scale by
facile, economical, and green strategies. The density functional
theory (DFT) calculation shows that the ternary system (HA/Fe-
CNT) possesses higher chemical stability than binary systems
(CNT-Fe or HA-Fe). The synchrotron radiation X-ray absorption
spectroscopy (XAS) studies reveal that the distorted octahedrally
or tetrahedrally coordinated geometry contribute to the
stabilization of ferrous site. The HA/Fe-CNT complex shows
high catalytic activities for the activation of O, and H,0,, which
can be applied in the oxidative degradation of phenol red (PR)
and bisphenol A (BPA) in aqueous media.

Results and discussion
Synthesis of HA/Fe-CNT Sandwich-Type Complex

The preparation process of the HA/Fe-CNT is described in
Scheme 1. To synthesize the HA/Fe-CNT, a well dispersed CNT-
HA complex was prepared firstly to obtain high specific surface
area for iron cation loading. Then ferric chloride solution was
reacted with CNT-HA complex in water for 2 h at room
temperature to form the ternary HA/Fe-CNT complex. In order to
obtain efficient Fe loading into CNT-HA, the effects of the mass
ratios of HA/CNT and the reaction pH conditions on CNT-HA
formation were investigated. The synchrotron radiation based X-
ray photoelectron spectroscopy (SR-XPS) analysis of Cls
spectrum shows that the contents of C-OH, -C=0 and -COOH in
CNT-HA complex are related to HA/CNT mass ratio (Fig. S1,
ESI). When the mass ratio of HA/CNT increased to 2:1, the
contents of O-containing functional groups, including -OH, -C=0
and -COOH, increased to 24.0%, 4.8% and 6.8%, respectively,
which were beneficial for the Fe loading into CNT-HA via Fe-O
coordination (Fig. S2, ESI). In addition, the contents of O-
containing groups in CNT-HA complex ranged from 76.7% to
67.7% at pH 3.6-10.1, indicating that the CNT-HA had a
potential to load Fe in a very wide pH range (Fig. S3, ESI).
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Scheme 1 Preparation process of HA/Fe-CNTs complex. HA/Fe-CNTs
complex was prepared via the reaction of a well-dispersed CNT-HA
suspension with ferric chloride solution at room temperature for 2 h and
subsequent separation by centrifugation.

Physicochemical Characterization of HA/Fe-CNT Complex

We examined the morphology and structure of the obtained
HA/Fe-CNT  complex by high-resolution transmission
microscopy (HRTEM) and scanning transmission electron
microscope (STEM). The HRTEM image clearly presents the
electron-dense precipitate on the CNT-HA surface (as arrow
referred in Fig. la). The quantitative analysis by energy-
dispersive X-ray spectroscopy (EDX) provided that the HA/Fe-
CNT was composed of about 41.8 wt% of C, 6.5 wt% N, 8.2 wt%
O, and 8.5 wt% Fe (Fig. 1b). Many strongly scattering iron cores,
which were visible as dark or bright spots (corresponding to
heavy elements), were observed in bright-field STEM (Fig. 1c)
and the corresponding annular dark-field (ADF) images (Fig. 1d).
These iron cores with a size of 5~10 nm were embedded in dense
amorphous HA molecules and approached to the surface of CNTs,
demonstrating that the sandwich-type HA/Fe-CNT complex was
formed and iron cores was constrained at the interface between

CNTs and HA. The iron cluster displays well-defined lattice
fringes with a separation of 0.252 nm (Fig. le and 1f), which is
close to the d-spacing of the lattice in Fe-O cluster compounds,
such as (311) planes in cubic Fe;0,,%! indicating the Fe-O bond
character on the surfaces of CNTs.

T
Element Weight Percentage (%)
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Fig. 1 Morphology and structure of HA/Fe-CNTs complex. HRTEM
image (a) and EDX analysis (b) of HA/Fe-CNTs complex. Bright-field (c)
and ADF STEM images (d) of HA/Fe-CNTs complex, (e and f) the
lattices of iron cores marked by the red circle of (c) and (d).

Analysis of Structural Stability in HA/Fe-CNT Complex

The stability of the HA/Fe-CNT complex was assessed by DFT
calculations with B97D method implemented in Gaussian 09.%
(Fig. 2 & Fig. S4 in ESI). According to our calculations, in the
binary system without Fe, the distances between the centroid of
the phenyl ring of various ligands (L-IN, L-2N, L-COO) in HA
and the closest C atom of CNT[5,5] are in the range of 3.17 —
3.35 A, suggesting a n-n stacking interaction between them (Fig.
2). In binary system without HA, a naked Fe*" cation may interact
with the nanotube in an n'- (residing on a C atom) or an n’*- (on a
C-C bond) mode, rather than an n6 one, with a Fe-C distance of
2.01 and 2.18 A, respectively, of which the distance is shorter
than the sum of their van der Waals radii.'* In the ternary model
system (Fig. 2), Fe*" builds strong interaction with the functional
groups of the organic ligand HA (2.11 A for Fe-N in CNT55+L-
IN+Fe and 2.08 A for Fe-O in CNT55+L-COO+Fe). The
coordination interaction between the electron-deficient Fe*" and
the electron-rich N or O atom may weaken the electron affinity of
Fe*, leading to a decrease in the electrostatic interaction between

Fe and CNT[5,5], as indicated by a longer distance between them.

In addition, the interaction between Fe and CNTJ[5,5] and that
between Fe and N/O of the ligand could modulate the orientation
of the phenyl ring in HA, and the stable ternary model systems
observed in our calculation are indeed originated from the
composite effect of the inter-molecular interactions between the
individual components.

The binding energies between the ligands and CNT[5,5] were
calculated to be -11.2, -13.8, -17.9, -21.0, and -15.0 kcal/mol in
CNT55+TOLU, CNTS55+L-ON, CNT55+L-IN, CNT55+L-2N
and CNTS55+L-COO, respectively. For the ligands studied here,
all contain polar groups except for toluene, and the smaller
binding energy in CNTS5+toluene indicates that the presence of
polar groups may enhance the interaction between ligands and
CNTJ5,5], especially those with positively or negatively charged
ones, e.g., -NH;" and —COO". The binding energy of a naked Fe**
cation to CNT[5,5] was calculated to be -173.9 kcal/mol. The
presence of a charged ligand, L-COO here, brings further
stabilization by 219.6-173.9-15.0=30.7 kcal/mol, suggesting the
presence of HA may enhance the interaction between Fe®* and a
nanotube. The binding energy between HA-Fe and CNT were
also calculated, which were -64.5 and -75.3 kcal/mol in COO-
/Fet+CNTS55 and N/Fe+CNTS5S, respectively. The high binding
energy indicates that the formation of ternary HA/Fe-CNT
complex is thermodynamically favourable, independent of the
addition order.

5

S

6

6:

7

7:

0

a

0

5

0

o

CNT55 CNTE5+L-0N_| CNTE5+L-2N_| CNT55+L-1N_| CNT55+L-CO0
B
L3
.
Side view v
v
:
o O O Q O O\\\
SE
(keal mol™) -138 210 179 150
X-Cenr (A) 325 323 327 347
CNT55+TOLU | CNT55-Fe-N'-C [ CNT55-Fe-l*- C [CNT55+L-1N+Fe[CNT56+L-COO+Fe
Y- i i -
! . ‘
"
Side view "'
4
\ h { P
{ .(\‘\ ,\\\
o O O O O
SE 5 ; E p
(kealmol™) 1.2 1739 215.2 219.6
Fe-C (A) 2.01 2.22 2.20
Fe-ON (A) K 2.08
X-Conr (R) 335 42 3.28

X: the centroid of the phenyl ring of the ligand.

Fig. 2 Theoretical calculation of CNT, HA, and Fe interactions in
HA/Fe-CNTs complex. Top and side views of intermolecular
interactions in the binary system (CNT-HA and CNT-Fe) and ternary
system (CNT-HA-Fe). The binding energies and the distance between the
ligand of humic acid and the closest C atom of CNT were indicated.

Activation of O, and H,0, by HA/Fe-CNT Complex

In order to identify the ability of the novel HA/Fe-CNT complex
to serve as a catalyst for the activation of O, and H,0, in aqueous
media, an electron paramagnetic resonance (EPR) in conjunction
with spin trapping techniques was performed, using the 1-
hydroxy-3-carboxy-pyrrolidine (CPH) and 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as superoxide anion radical (O,”) and
hydroxyl radical ('OH) spin probes, respectively. No obvious
EPR signals were observed in CNT-HA and CNT-Fe substances.
When iron-loaded HA (HA-Fe) and HA/Fe-CNT were added, the
O,” and’OH signal intensity increased significantly. It has been
reported that HA-Fe may reduce O, to O, and H,O, to "OH via
Fenton or Haber-Weiss reactions.”* Herein, though the amount
of HA-Fe (1.6 mg) was four times that of HA/Fe-CNT (0.4 mg)
to be used, the production of O,” and ‘OH by HA/Fe-CNT
complex was about 2.5- and 1.7-fold increase, demonstrating the
enhanced one-electron reduction of O, and H,0, into O, and
‘OH by HA/Fe-CNT, respectively (Fig. 3).” The catalytic
activities of the complex for H,0, activation are equivalent to
that of the heterogeneous Fenton catalysts, such as Fe,0;, Fe,03,
and Fe;04 NPs, which are the most powerful catalysts for H,O,
activation that have ever been reported.®?’
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Fig. 3 Enhanced activation of O, (a) and H;O, (b) by HA/Fe-CNTs
complex. Generation of O,” and ‘OH in binary (CNT-HA, CNT-Fe, and
HA-Fe) and ternary (HA/Fe-CNT) aqueous systems was measured using
CPH and DMPO as their spin probes, respectively. All EPR spectra were
measured at 20 mW microwave power, 100 G scan range and 1 G field
modulation. All of the chemical agents used in EPR experiments were
purchased from Sigma-Aldrich, USA.
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Mechanism of O, Activation by HA/Fe-CNT Complex

The adsorption of O, molecule to catalysts has been speculated to
be a rate-determined step in O, activation.®” Many studies
indicated that the ferrous center in non-heme Fe(Il) [e.g.,
NHFe(Il)) enzymes, heme-containg proteins, and metal-organic
complexes, could act as O, adsorption sites, in which cosubstrates
or organic ligands allow Fe(Il) coordination unsaturation and
leaving an open coordination site for O, binding.*® In the study,
the formation of ferrous center in HA/Fe-CNT complex was
demonstrated by SR-XPS and XAS techniques. The SR-XPS
analysis shows the presence of Fe 2p peaks (Fig. 4a,b), which are
deconvoluted into Fe(Il) 2p;/, (710.8 eV), Fe(Il) 2p,, (723.8 eV),
Fe(Ill) 2ps;, (712.2 eV) and Fe(Ill) 2p;» (725.0/726.5 eV),
indicating the co-existence of Fe(II) and Fe(IIl) states in HA/Fe-
CNT complex.’' The quantitative analysis of XPS suggests that
about 44.9% of Fe exist as Fe(II) species in HA/Fe-CNT complex
(Table S1). The X-ray absorption near-edge structure spectra
(XANES) of Fe K-edge indicates that the pre-edge 1s — 3d peak
of HA/Fe-CNT possesses a similar centroid position and shape to
that of the Fe(Il)-containing species (e.g., FeN, FeO and Fe;C in
Fig. 4c and 4d line a), which have a wide pre-edge peak at 7111.8
~ 7112.4 ¢V and shift left 1.4 ~ 2.0 eV relevant to the Fe(III)
species (e.g., FeCl; and Fe,0s in Fig. 4d, line b). The extended X-
ray absorption fine structure (EXAFS) oscillations of Fe K-edge
revealed a prominent peak located at R = 1.6 A, corresponding to
the first shell of Fe-C/O/N coordination (Fig. 4e). The C K-edge
XANES spectrum shows a pronounced broadening and a low-
energy shoulder (284.5 eV) of C=C 1s— z* (Fig. 4f, line a),
suggesting a strong hybridization between CNT C 7* and Fe 3d
orbitals. The best-fit to the first shell of HA/Fe-CNT yields a Fe-
O bond distance of 1.93 A and Fe-C of 2.09 A; and the
coordination numbers are 3.88 for Fe-O (from two H,O molecule
and one carboxylate group) and 2.02 for Fe-C, which are
consistent with the six-coordinated Fe model with four Fe-O and
two Fe-C coordination (Fig. 5a and 5b). While, the best-fit also
proposes a tetrahedrally coordinated Fe complex with one Fe-N
bond (2.01 A), one Fe-C (2.24 A), and two water molecules (Fig.
Sa and 5b). The shorter Fe-O/N/C distance obtained by EXAFS
than that from the DFT calculation might be related with the
distortion of the octahedral or tetrahedral geometry induced by

steric effects among the aromatic ligand of bulk CNT and N/O

so0 ligands of HA.* It has been known that Fe(Il) active site has a
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higher affinity to O, than to H,O molecule, thus the position of
two very weakly bonded H,O molecule may become the site of
0O, binding as well as the dissociation of intermediate, resulting in
the O, activation.>** However, the detailed structure change of
HA/Fe-CNT complex during O, activation is still unclear and
needs to be further explored.
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Fig. 4 Electronic structure of Fe and C in ternary HA/Fe-CNTs
complex and corresponding binary (CNT-Fe, HA-Fe or CNT-HA) or
unary system. The XPS survey spectrum (a) and Fe 2p XPS (b) in
HA/Fe-CNT complex; (¢ and d) Fe K-edge XAS spectra and pre-edge
region of the chemical standards (Fe;C, FeN, FeCls, FeO and Fe,0s),
binary (CNT-Fe and HA-Fe) and ternary system (HA/Fe-CNT); Fourier
transform of the k?x(K) EXAFS spectra of HA/Fe-CNT complex (e) and
C K-edge XANES spectra in CNT, HA, CNT-HA, and HA/Fe-CNT
complex (f).
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The effective electron transfer from carbon 7 electron to adsorbed
O, is another key factor for O, activation. The strong donor
effects from ligands at ferrous center (such as NHFe(II) enzymes)
are also beneficial for electron transfer from the ligand to iron
cation.® According to the C K-edge XANES spectra, a strong
hybridization between CNT C 7z* and Fe 3d orbitals occurs,
which is beneficial for charge redistribution between them.* The
DFT calculation further indicates that the O/N-Fe-C
configuration induces a discretization of the aromatic ring
charges on CNTs and presents dipoles in such conjunctions (Fig.
Sc and Fig. 6). The carbon atoms involved in Fe-C 7 bonding
possess a partial negative charge due to its polarization by the
Fe** cation; in the meantime, the adjacent C atoms possess
substantially high density positive charge (Fig. 5c and Fig.6). The
O/N-Fe-C geometric configuration and the large extent of charge
delocalization in CNT55+L-COO+Fe and CNT55+L-N+Fe (Fig.
5c) can facilitate the electron transfer from CNT to Fe ion and
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subsequently transfer to the adsorbed O,, thus contributing to O,

activation (Fig. 5¢).%3®

(a) First-shell EXAFS fitting results for Fe in HA/Fe-CNT complex

Shell N per Fe atom R (A) o%A%) R(%)
Fe -O 3.88 £0.18 2.01 0.011

O-Fe -C 0.1
Fe -C 202 +0.14 2.29 0.001
Fe -N 095 028 2.01 0.011

N-Fe -C 0.2
Fe -C 093 *0.30 2.24 0.013

N: coordination number; R: bond length; o’: Debye Waller factors; R: parameter for quality of fit

+H
@c

@N
®0

Fig. 5 Structure parameters of HA/Fe-CNTs catalyst and mechanism
of O, activation. (a) The structural parameters and (b) geometry of
HA/Fe-CNTs catalyst; (c) mechanism of O, activation by HA/Fe-CNTs.

100 =

sof - 0F g ans
oo (M cvTss] cof- (B o]
40 40
2l 20f ‘ ‘ ‘ ‘ ‘
T } t T T T 1
sof (o carsssion] s (8 ovricoo
60 60—
anf af
20 200 ) ) " |
t i s t t f |
sof [(B eNTSSHLN 60F | B ontssren'c
60
40 j”
20f 20F
= \! !h I~ L - 1 a = }
S wb (1 amsan ool [0 ovrssrenc
£ oop = aof
;—é. 2 H 0
a0k g0
£ - } N 280 : - 1 = —
s0F [ B entsssLcoo 60 | B CNTSS:L.COOMe
60
a0 40+
o3 20f
100 L " 8 I L T8 ™
s0f- B cnTss+TOLU 6ok [ B ONTSSsL-INeFe
60 d
1
awf “
20 0F
0 L i L - ]

L L
03 02 I [0 0.1
alomic charge [e]

0.4 -0.3 -0.2 0.1 ) 0.1
atomic charge [e]

i

Fig. 6 Population of atomic charges of the inner region of the carbon
nanotube. The fluctuation of atomic charges of a carbon nanotube upon
the binding of ligand and/or Fe** cation.

Oxidative Degradation of Phenol Red and Bisphenol A

Aqueous heterogeneous activation of O, and H,0, can be applied
in a wide range of fields, such as oxidative degradation of organic

pollutants in wastewater. We investigated the oxidative
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degradation of phenol red (PR) and bisphenol A (BPA) in
aqueous media by the novel HA/Fe-CNT catalyst. The results
showed that the PR was oxidized to benzoquinone-like substance
at pH 4.1 ~ 10.1 by HA/Fe-CNT catalysis, while no oxidized PR
products was observed in the presence of only CNTs, or CNT-
HA, CNT-Fe, and HA-Fe (Fig. S5a,b, ESI). The decrease of PR
in CNT+PR and CNT-HA+PR solutions was due to the
adsorption by CNT and CNT-HA. In the CNT-Fe system, in
consistent with the theoretical calculation, the low stability of
CNT-Fe make them inefficient catalysis for PR oxidation.
Similarly, HA/Fe-CNT showed catalytic activity for oxidative
degradation of BPA into open ring or hydroxylated complex,
which were identified by liquid chromatography-mass
spectrometry (LC-MS, Fig. SS5c¢ and 5d, ESI). The catalytic
degradation reaction of BPA follows the first order kinetics with
a rate constant of 0.47 min™' (Fig. S5e, ESI), which was about 10-
to 100-fold faster than those by the most effective methods, such
as heterogeneous Fenton-based reactions (using H,0, as oxidant)
or iron nanoparticle-based catalytic reactions.**** After 3-times
running-cycles, the recovery of HA/Fe-CNT can still reach about
70% (Fig. S6, ESI), showing the high efficient and reusable
capability of the catalyst.

Experimental section
Materials

Highly purified (> 95%) carbon nanotubes were supplied from
Chengdu Organic Chemicals Co. Ltd., Chinese Academy of
Sciences. These nanotubes were synthesized using a chemical
vapor deposition (CVD) method with mean diameter of 2 nm.
HA (purity > 99.0%) and FeCl;-6H,0 (AR, > 99.0%) were
purchased from Alfa Aesar and Beijing Chemical Reagents
Company, respectively. Phenol red (AR, > 99.0%) and Bisphenol
A (> 99.0%) were purchased from Alfa Aesar and TCI
Development Co. Ltd (Shanghai, China), respectively.

Synthesis of HA/Fe-CNT Complex

A dissolved stock solution (1000 mg/L) of HA was prepared in
ultrapure Milli-Q water via magnetic stirring for 10 h and gradual
dilution to the tested concentrations. The CNT-HA complex was
prepared via dispersing CNTs in HA solution by sonication for 2
h at 15-17 °C in ice bathing, and then centrifugation to remove
free HA molecules. Finally, 4 uL ferric chloride solution (2x10°
mg/L) was added to the CNT-HA solution and the reaction was
carried out for 2 h at room temperature to form the ternary
HA/Fe-CNT complex following centrifugation to remove free
iron ion.

Characterization of HA/Fe-CNT Complex

The HRTEM images of HA-Fe-CNT were collected with a JEOL
JSM-2100 electron microscope operating at 120 kV. The surface
functional groups of the tested complex were characterized by
SR-XPS. The XPS measurements were performed at 4B9B
beamline in Beijing Synchrotron Radiation Facility (BSRF,
Beijing, China) equipped with a Si(111) double crystal
monochromator. The core level spectra, including C 1s, O 1s, and

70 N 1s were recorded at the incident photon energy of 500 eV with

a step size of 0.16 eV, using a hemispherical electron energy

This journal is © The Royal Society of Chemistry [year]
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analyzer (HA150, VSW) with energy resolution better than 300
meV. The XPS spectra of Fe 2p were recorded at the incident
photon energy of 950 eV with a step size of 0.32 eV.

ADF and bright-field STEM images were performed at an
aberration-corrected STEM (JEM-ARM 200F) equipped with a
cold field-emission electron source and double Cg correctors for
the condenser lens and objective lens. The STEM images were
collected at an operating voltage of 200 kV.

The Fe K-edge XAS spectra were recorded from 50 eV below
to 700 eV above the Fe K-edge threshold energy (7112 eV) using
a Lytle detector in fluorescence mode at 1WI1B beamline in
BSRF. The Fe XAS spectra of Fe-containing chemical standards,
including FeCl;, Fe;C, FeN, FeO, and Fe,O; powders, were
measured in a transmission mode (using a N,/Ar gas-filled
ionization chamber). The C K-edge XANES spectra of the tested
samples were acquired at the BSRF 4B7B beamline and the data
were recorded with the total electron yield (TEY) method. The
XAS data analysis of Fe and C is described in the ESI.

Theoretical Calculation

In order to understand the intermolecular interactions in the
ternary system containing carbon nanotube (CNT), humic acid
(HA) and iron (Fe) cations in water solvent, simplified models
have been prepared and fully optimized using DFT with
dispersion interaction taken into account empirically (B97D).*!
The solvent effect was taken into account using a continuum
SMD model,** and the binding distance and binding energy in
binary systems (CNT-HA and CNT-Fe) and ternary system (HA-
Fe-CNT) were compared. All structures reported here have been
fully optimized at the level of B97D/6-31G(d),*"***® and the
nature of the each geometry was confirmed to be a minimum by
vibrational analysis. The calculation details based on DFT are
described in the ESI.

EPR Measurement

All EPR measurements were carried out using a Bruker EMX
EPR Spectrometer (BrukerBiospin, Billerica, MA). The
production of O, and ‘OH was measured using the CPH and
DMPO as their respective spin probes. The EPR experiments are
described in detail in the ESI.

Oxidative Degradation of PR and BPA

The HA/Fe-CNT catalysts were added in PR or BPA solution (pH
7.0) and the reaction was carried out at 25 °C for 2, 4, 8, 12, 24,
48 h, then samples were centrifuged at 10,000 rpm for 30 min.
The supernatants of PR and BPA were detected by UV-Visible
spectra (Spectra Max M2). The degraded products of BPA were
analyzed by the ultra-performance liquid chromatography system
(UPLC, Waters, USA) connected to electrospray ionization-
tandem mass spectrometry (Micro TOF-QII, Bruker Daltonics).
The operating conditions of UPLC-ESI-MS are described in the
ESI. The recovery and recycling capability of HA/Fe-CNT were
recorded after 3-times recycling catalysis of PR and the PR
oxidative products were analyzed.

Conclusions

In summary, we describe a strategy to confine ferrous active site
on the interface between CNTs and HA using HA loaded Fe to

ss coordinate with aromatic rings of CNTs. The higher binding
energy in HA/Fe-CNT system and shorter Fe-C, and Fe-N/O
bond distance in HA/Fe-CNT complex than binary system (CNT-
HA and CNT-Fe) revealed the stability of HA/Fe-CNT complex.
This synthesized sandwich-type nanostructured CNT-based
catalysts possess high catalytic activities for the activation of O,
and H,0,. The distorted octahedral or tetrahedral geometry play
important roles in the stabilization of Fe(Il) center and O,
adsorption. The strong hybridization between CNT C n* and Fe
3d orbitals induces the discretization of the atomic charges of
aromatic ring of CNTs, which facilitates the electron transfer
from carbon to O, via metal ion, thus favors O, activation. The O,
activation by the novel HA/Fe-CNT complex can be applied in
the oxidative degradation of organic pollutants (e.g., phenol red
and bisphenol A) in aqueous media.
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A sandwich-type CNT-based catalyst was synthesized, in which the
discretization of the atomic charges on aromatic ring of CNTs induced by
octahedral or tetrahedral geometry at ferrous center and strong

20 hybridization between CNT C =n* and Fe 3d orbitals enhanced O,
activation.
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