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The construction of heterogeneous catalysts with high efficiency is important for the degradation of or-
ganic pollutants. Catalysts with small cluster dispersions are thus highly desirable to maximize the amount
of active sites and enhance the atom efficiency. Here, a simple and scalable method was designed to fabri-
cate amorphous sub-nanometer Cu-doped FeOOH clusters/ultrathin g-CsN4 nanosheet (Cu-FeOOH/
CNNS) hybrids as heterogeneous photo-Fenton catalysts. The fabricated hybrids possess a unique hierar-
chical nanostructure, comprising abundant uniformly dispersed ultrafine Cu-FeOOH clusters tightly an-
chored on the CNNS surface. The optimal loading content of Cu-FeOOH clusters decolorized ~98.7%
methylene blue (MB) within 40 min in a wide pH value range of 4.8-10.1, which is more than 8.1 times
faster than pristine CNNS. Moreover, influential factors, including the initial MB concentration, H,O, con-
centration, initial pH and multiform organic contaminants, such as azo dyes, nitrophenol and antibiotics,
were investigated and analyzed in detail. The degradation efficiency remained the same even after 10 cy-
cles, suggesting the robustness and stability of the fabricated hybrids. The excellent degradation efficiency
is attributed to the cluster active sites and the synergistic activation of Fe/Cu/CNNS promoting the genera-
tion of "OH for MB degradation. A practical application of water remediation on a 15 L scale was also
performed with expected MB degradation efficiency under the coexisting dyes. The fabricated hybrid is
expected for practical industrialization applications and this design and fabrication strategy provided a ge-
neric route for further design of catalysts with high activities for PFR.
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Environmental significance

Organic pollutants are dangerous to human health. Heterogeneous catalysts with high efficiency are important for the degradation of organic pollutants.
Herein, Cu-doped FeOOH clusters/ultrathin g-C;N, nanosheet (Cu-FeOOH/CNNS) hybrids as heterogeneous photo-Fenton catalysts were synthesized. The
Cu-FeOOH/CNNS hybrids could decolorize methylene blue (MB) efficiently and quickly in a wide pH range with high stability and reusability. The cluster
active sites and the synergistic activation of Fe/Cu/CNNS promoted the generation of ‘OH for excellent MB degradation. A practical application of water re-
mediation on a 15 L scale was performed with expected MB degradation efficiency under the coexisting dyes. This work highlights the fabrication of 2D/0D
heterogeneous catalysts and their practical industrialization applications in organic pollution management.
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Organic pollutants such as dyes, nitro-compounds and pharmaceu-
ticals have been detected and reported frequently, especially in en-
vironmental water. These organic pollutants may cause visual stim-
ulation, skin irritation and kidney damage, as well as injury of the
central nervous system in humans and animals, posing a severe
threat to human society."” Developing an efficient and effective
technology to remove organic pollutants from wastewater is consid-

ducts, recorded with CNNS and 20Cu-FeOOH/CNNS under visible light irradia-
tion; XPS spectra of 20Cu-FeOOH/CNNS before and after reaction; etc. See DOIL:
10.1039/c8en00124c
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ered as an important task for a sustainable society.®
Various methods have been applied to eliminate organic
pollutants from wastewater, such as adsorption,
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photocatalysis, membrane separation, etc.>* As one of the
most advanced oxidation processes (AOPs), Fenton and
Fenton-like reactions have been extensively studied for the
degradation of various organic pollutants because of their
high efficiency, simplicity, and environmental
friendliness.” "> However, traditional homogeneous Fenton
reactions in wastewater treatment still suffered from these
obvious shortcomings: (i) the low activity under neutral or ba-
sic conditions;"? (ii) large amount of iron-containing sludge-
related second pollution;**" (iii) large consumption of
H,0,.” In contrast, the heterogeneous Fenton reaction elimi-
nates the sludge disposal problems and can be performed in
the neutral pH range.'® However, heterogeneous catalysts
usually exhibit lower activities with high consumption of
H,0, because of the low Fe*'/Fe** cycle efficiency on the cata-
lyst surface.”” > Moreover, some reported heterogeneous cat-
alysts displayed poor durability or stability due to the fact
that iron cement by-products covered the catalyst surface,
causing the poisoning of the catalysts. Therefore, the photo-
Fenton reaction (PFR) has been developed to introduce solar
energy to improve the cycle efficiency of Fe**/Fe*" in the reac-
tion to overcome the abovementioned shortcomings.'>>'*
The present research focusing on PFR involves seeking effi-
cient and durable catalysts which are active over a wide pH
range and practical application of water remediation on a
large scale.

Heterogeneous photo-Fenton catalytic reactions mainly oc-
cur on the surface of the catalyst, which can easily suppress
the catalytic performance by aggregation, poor dispersion,
and rapid recombination of photogenerated carriers. The pol-
lutant degradation efficiency primarily depends on the prop-
erties of the catalyst such as size, morphology, crystallinity,
active sites, adequate organic molecule transportation chan-
nels, etc.”?>*® Small particle size plus good dispersion could
endow the catalysts with high surface area and more active
sites, being generally beneficial for surface-dependent cata-
Iytic processes.>”>° Recent works confirmed that the catalytic
performances of amorphous nanostructures were superior
due to their unique surface and structural properties.>*>°
Moreover, the preparation of amorphous nanostructures usu-
ally required lower temperature, thus reducing the produc-
tion cost for the catalysts.>**> However, amorphous nano-
structures tended to form crystals in the preparation process,
which might reduce their catalytic capacity and limit their ap-
plication to large-scale production.*® Other influencing fac-
tors for PFR such as the high separation rate of photo-
generated carriers, fast transport and consumption of
photogenerated electrons on the surface, high adsorption,
and suitable band gap should also be considered for the de-
sign of high-performance catalysts. Therefore, it is still a big
challenge to prepare amorphous catalysts with small particle
size and good dispersion via a facile method.

On the basis of these design principles, it is desirable to
obtain an effective strategy to increase the available active
sites/surface area of the nanoparticles through incorporation
of a useful support. As a 2D conjugated polymer, graphitic
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carbon nitride (g-CsN,) would be an attractive host matrix
which can provide an ideal platform for the design of
reconfigurable systems. It can not only enhance light absorp-
tion as well as the photogenerated electron/hole separation
and transfer efficiency, but also significantly improve disper-
sion of catalysts with small particle size onto itself without
aggregation, thus exposing a large number of surface active
sites. However, the photocatalytic performance of bulk g-C;N,
is far from optimum because of its low surface area, poor
mass diffusion and fast charge recombination. Fortunately,
these shortcomings have been overcome through exfoliating
bulk g-C;N, into ultrathin g-C;N, nanosheets, which can in-
crease the surface area and available active sites, improve the
electron transport ability along the in-plane direction, and
prolong the lifetime of photogenerated electrons/holes. Re-
cently, it has been reported that when ultrathin g-C;N, nano-
sheets were fabricated into 0D/2D heterostructures with other
semiconductors, their contact would form a large interface
region, and consequently enhanced photocatalytic perfor-
mance would be achieved.?®*”3° Therefore, it is reasonable
to expect that anchoring amorphous catalysts with small par-
ticle size onto ultrathin g-C;N, nanosheets with large surface
area, endowing them with enhanced synergistic properties,
will be a promising strategy with great potential to achieve
the depth treatment of organic pollutants from the
environment.

Natural sunlight as an unlimited irradiation/energy source
is an important factor to be considered for in the design of
catalysts for large-scale real wastewater application. Zhang
and Feng's group has reported the integration of
Fe(m){PO,[WO(0,),],} clusters onto the surface of a g-C3N, su-
pramolecular  hybrid (FePW-g-C3N,) by metal-ligand
coordination-driven noncovalent assembly.’” Rhodamine B
(RhB) or methyl orange (MO) (10 mg L") could be completely
removed from water within 15 min under simulated solar
light. Large-scale application demonstration on a 250 L scale
was also performed, which showed complete removal of RhB
within 6 h, indicating the high efficiency of the hybrid photo-
catalysts.’® However, the production of FePW-g-C;N, is not
scalable, limiting its practical applications, not to mention
its cost-effectiveness.

In this paper, amorphous sub-nanometer Cu-doped FeOOH
clusters/ultrathin g-C;N, nanosheet (Cu-FeOOH/CNNS) hybrids
were designed, fabricated and applied as heterogeneous cata-
lysts to degrade methylene blue (MB) via PFR. The objectives
of the present study were (i) to evaluate the catalytic perfor-
mance of Cu-FeOOH/CNNS toward MB degradation via PFR,
(ii) to investigate the effects of various parameters including
the Cu doping amount, initial MB concentration, H,0, con-
centration and pH value on the degradation of MB and other
pollutants (RhB, MO, Congo red (CR), 4-nitrophenol (4-NP)
and tetracyclines (TC)), (iii) to identify the generated active
species during the reaction process and to propose a plausible
mechanism, and (iv) to demonstrate a practical application of
Cu-FeOOH/CNNS hybrid catalysts toward degradation of differ-
ent dyes under natural sunlight irradiation.

This journal is © The Royal Society of Chemistry 2018
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Experimental

Preparation of amorphous sub-nanometer Cu-doped FeOOH
clusters (Cu-FeOOH)

The amorphous sub-nanometer Cu-doped FeOOH clusters
were synthesized via a simple and scalable method. For the
typical synthesis, FeCl;-6H,O (1 mmol) was dissolved in etha-
nol (40 mL), then a certain amount of CuCl, was added and
the resulting mixture was stirred vigorously for 10 min. After
that, 3 mmol of NH,HCO; was added into the solution and
the mixture was continuously stirred for 8 h. Finally, the re-
sultant solids were centrifuged, washed with ethanol several
times and dried at room temperature.

Synthesis of ultrathin g-C;N, nanosheets (CNNS)

Urea (~30 ) was put in a covered crucible and heated under
static air at 550 °C for 4 h with a ramping rate of 2.5 °C
min". The powder was collected to place in an open crucible
and further heated at 500 °C for 2 h with a ramp rate of 5 °C
min~". After cooling down to room temperature, the desired
ultrathin CNNS was obtained by washing with deionized wa-
ter and further drying in a vacuum oven.

Synthesis of amorphous sub-nanometer Cu-doped FeOOH
clusters/ultrathin g-C;N, hybrid nanosheets (Cu-FeOOH/
CNNS)

In a typical synthesis procedure, CNNS (700 mg) was dis-
persed in ethanol (40 mL), followed by 1 mmol of FeCl;-6H,0
and various amounts of CuCl, (the molar ratio of Cu to Fe,
e.g. 0%, 5%, 15%, 20% and 30%). After that, 3 mmol of
NH,HCO; was added into the mixed solution and the mixture
was continuously stirred for 8 h. The resultant solids were
centrifuged, washed with ethanol several times and dried at
room temperature to produce ~1 g of product. The amplifica-
tion synthesis was also carried out by adding 1 mol of FeCl;
-6H,0, and the yield was about ~27 g, indicating the scalabil-
ity of this synthesis. For comparison, pure Cu-FeOOH with 20
mol% Cu was also prepared under the same experimental
conditions without the addition of CNNS. For convenience,
the prepared samples were named FeOOH/CNNS, 5Cu-
FeOOH/CNNS, 15Cu-FeOOH/CNNS, 20Cu-FeOOH/CNNS and
30Cu-FeOOH/CNNS, respectively. The Cu and Fe contents
were measured using inductively coupled plasma-atomic
emission spectrometry (ICP-AES, ICPE-9000 Shimadzu). ICP-
AES measurements revealed that the real content of Cu in
each Cu-FeOOH/CNNS composite approaches its theoretical
loading (Table S1t). Therefore, Cu and Fe sources should be
almost completely converted into Cu-FeOOH, attributed to
excessive NH,HCO; used in the synthesis.

Characterization

Powder X-ray diffraction (XRD) data were collected using a D/
MAX 2500V diffractometer using Cu K, radiation (4 = 1.5418
A). The structural information of the samples was measured
using a Fourier transform spectrophotometer (FT-IR, Avatar

This journal is © The Royal Society of Chemistry 2018
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370, Thermo Nicolet) using the standard KBr disk method.
X-ray photoelectron spectroscopy (XPS) was performed using
an ESCALAB 250 with Mg K, as the source and the C 1s peak
at 284.6 eV as an internal standard. The morphologies and
compositions were characterized using a JEOL JSM-6330F
scanning electron microscopy (SEM) instrument and a JEOL-
2100 field emission transmission electron microscope
(FETEM) operated at an accelerating voltage of 200 kV. The
Brunauer-Emmett-Teller (BET) method was used to calculate
the specific surface areas. N, adsorption-desorption iso-
therms at 77 K were measured using an adsorption instru-
ment (TriStarll, Micromeritics Company, USA) to evaluate
their pore structures.

Catalytic tests

Catalytic process under simulated solar light. MB was
used as a pollutant model at the concentration of 10 mg L.
Cu-FeOOH/CNNS powder (10 mg) as a catalyst was dispersed
in MB solution (50 mL). The suspension was magnetically
stirred for 30 min in the dark to ensure the adsorption/de-
sorption equilibrium. After that, H,0O, solution was added to
initiate the degradation reaction under visible light (2 > 420
nm) from a 500 W Xe lamp equipped with a cutoff filter. Dur-
ing the irradiation, about 3 mL aliquots were collected at
given time intervals and centrifuged to remove the catalyst
particles. The concentration of MB solution was measured at
664 nm using a UV-vis spectrophotometer. Controlled experi-
ments involving different catalysts and the effects of their
degradation kinetics, concentration of H,0O,, initial dye con-
centration and initial pH on MB degradation performance
were carried out by similar batch experiments. The solution
pH was adjusted by adding a negligible amount of 0.01-1 M
HNO; or NaOH solution.

Catalytic process under natural sunlight irradiation. The
catalytic process under natural sunlight was performed at
117.00° East, 36.40° North. MB, RhB and CR were also used
at the concentration of 10 mg L', respectively. Cu-FeOOH/
CNNS powders (500 mg) were dispersed in 15 L pollutant so-
lution. This suspension was magnetically stirred for 60 min
in the dark to ensure the adsorption/desorption equilibrium.
After that, the catalytic process was initiated by adding cer-
tain amounts of H,0, aqueous solution under natural sun-
light irradiation and stirring every 30 minutes.

Results and discussion

Material characterization

The Cu-incorporated FeOOH clusters/CNNS hybrids were
obtained by room-temperature precipitation of Cu** and Fe**
ions in an ethanol solution containing ultrathin CNNS nano-
sheets and NH,HCO; in an ambient atmosphere. Here,
NH,HCO; is the key to facilitating the slow formation of
metal hydroxides or oxyhydroxides according to a previous re-
port. The surface of CNNS is negatively charged with a zeta
potential of —24.7 mV (Fig. S17), which can easily adsorb
Cu”" and Fe*" ions through electrostatic interactions.

Environ. Sci.: Nano, 2018, 5, 1179-1190 | 1181
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Moreover, the nitrogen atoms in the plane of g-C;N, are filled
with six nitrogen lone-pairs of electrons, which are generally
ideal sites for the inclusion of metal ions through an ion co-
ordination route into the g-C;N, framework. Therefore, the
ultrathin CNNS nanosheets, serving as heterogeneous nucle-
ation sites for metal hydroxides/oxyhydroxides, could facili-
tate intimate interactions between metal hydroxides/oxy-
hydroxides and CNNS.

The phase structures of pristine CNNS, amorphous Cu-
FeOOH clusters and Cu-FeOOH/CNNS composites were mea-
sured using XRD patterns, as shown in Fig. 1A. For the amor-
phous Cu-FeOOH clusters, weak and wide diffraction peaks
were observed (Fig. S27), indicating that the clusters were
amorphous structures due to the low-temperature synthesis.
Two peaks at ~13.3° and ~27.7° in the XRD patterns could
be well indexed to g-C;N,.*'™® The peak at ~13.3° belongs to
an in-planar structural packing motif, and the other one at
~27.7° is a typical interplanar stacking peak of conjugated ar-
omatic systems. The absence of the diffraction peaks of Cu-
FeOOH clusters might be attributed to the poor crystallinity
formed in the composites under the low-temperature synthe-
sis. Moreover, no obvious change in the peak intensity and
full width among pristine CNNS and Cu-FeOOH/CNNS com-
posites suggested that the crystal structure and crystallization
of CNNS were not affected by the amorphous Cu-FeOOH clus-
ters. Namely, the Cu-FeOOH clusters were tightly anchored
on the surface of CNNS, not embedded in the basal plane of
CNNS. The slow-scan XRD patterns were further measured in
the range of 24-32° and are shown in Fig. S3.f It is clearly
seen that there is no significant shift in the (002) diffraction
peak with the introduction of Cu-FeOOH clusters. This result
further indicates that the Cu-FeOOH clusters were tightly an-
chored on the surface of CNNS, not embedded in the basal
plane of CNNS.

FT-IR spectra were used to further study the structure of
the synthesized catalysts, as shown in Fig. 1B. For the amor-
phous Cu-FeOOH clusters, the peak at ~3427 ecm™* repre-
sented the characteristic stretching mode of the O-H bond,
while the bands at ~887 and 790 cm™" could be attributed to
hydroxyl deformation and stretching of a-FeOOH. The char-
acteristic peak at ~1409 cm™" was associated with the vibra-
tions of Cu-O. The pristine CNNS presented a broad absorp-
tion band at ~3000-3500 cm*, which could be ascribed to
the surface-bonded H,O molecules and N-H components.

Cu-FeOOH/CNNS

A B
30Cu-FeOOH/CNNS

A 20Cu-FeOOH/CNNS WL
15Cu-FeOOH/CNNS
15Cu-FeOOH/CNNS
5Cu-FeOOH/CNNS
5Cu-FeOOH/CNNS W
N s
FeOOH/CNNS s
b/ \L CNNS

20Cu-FeOOH

)Cu-FeOOH/CNN!

Intensity (a.u.)
Intensity (a.u.)

w‘y—

60 900

15 3600

30 45 1800 2700
2-Theta (degree) Wavenumber (cm ™)

Fig. 1 XRD patterns (A) and FT-IR spectra (B) of pristine CNNS, Cu-
FeOOH clusters and Cu-FeOOH/CNNS composites.
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Other featured absorption peaks were observed at ~1637,
~1547, ~1406, ~1316, ~1237 and ~809 cm ', in which the
peaks between ~1200 to 1600 cm ™' were due to the skeletal
vibrations of aromatic CN heterocyclic stretches of the
triazine (C¢N5) ring and the sharp peak at ~809 cm™ was de-
rived from the breathing vibration of the heptazine units.*”*°
All Cu-FeOOH/CNNS composites showed similar results to
pristine CNNS, manifesting that the surface loading of amor-
phous Cu-FeOOH clusters had no effect on the chemical
states of the CNNS.

The surface chemical states of the Cu-FeOOH/CNNS com-
posites were further detected by XPS, and 20Cu-FeOOH/CNNS
was selected as an example, as depicted in Fig. 2. Five ele-
ments, i.e. Fe, Cu, C, N and O, could be observed in the sur-
vey spectrum (Fig. 2A). Three peaks at ~284.4, ~286.1 and
~288.4 eV in the C 1s spectra could be ascribed to carbon
(C-C), defect-containing sp>-bonded carbon (N-C=N) and C-
O, respectively (Fig. S4At1).>° The high-resolved N 1s peak
could be deconvoluted into three peaks with binding energies
of ~398.9, ~400.7 and ~403.9 eV, which were assigned to
sp>-hybridized N (C=N=C), tertiary N (N-(C);) and amino
functional groups coupling a C atom (C-N-H), respectively
(Fig. S4BT).>® The weak Fe 2p spectrum showed two major
peaks located at ~711.6 eV for Fe 2p3, and ~725.2 eV for Fe
2p1, (Fig. 2B). The peaks at ~725.6 and ~723.5 eV could be
ascribed to the Fe 2p,/, binding energies of Fe(m) and Fe(n)
species, respectively.”*>! The peaks at ~713.7 and ~711.4 eV
could be assigned to the Fe 2p;/, binding energies of Fe(ur)
and Fe(u) species, respectively. The peaks at ~719.1 and
~733.5 eV were two shake-up satellites, agreeing well with
the literature report for FeOOH.>* The chemical state and en-
vironment of co-existence of Fe(ur) and Fe(u) on the CNNS
could be ascribed to amorphous FeOOH clusters.”>>® As
presented in Fig. 2C, the peak at ~935.2 eV shown in the Cu
2ps/, spectrum could be ascribed to Cu(u) species, and the
other chemical state of Cu with the peak appearing at ~933.3

Intensity (a.u.)
Intensity (a.u.)

Cu2p Fe(I1I) Fe 2p

0 200 400 600 800 1000 710 720 730
Binding energy (eV) Binding energy (eV)

Intensity (a.u.)
Intensity (a.u.)

930 935 940 945 950 955 960 528 532 536 540 544
Binding energy (eV) Binding energy (eV)

Fig. 2 XPS spectra of 20Cu-FeOOH/CNNS: survey spectrum (A), Fe 2p
(B), Cu 2p (C) and O 1s (D).
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eV could be assigned to Cu(1) species, suggesting that both
Cu() and Cu(u) species appeared in the composite.'® The O
spectrum deconvoluted into three peaks at ~530.6, ~531.7
and ~533.6 eV could be ascribed to Fe=0, C-O and H,O, re-
spectively (Fig. 2D).

To further investigate the morphologies and microstruc-
tures of the pristine CNNS and 20Cu-FeOOH/CNNS compos-
ite, FESEM and TEM measurements were carried out. Fig. 3
shows the FESEM images of the pristine CNNS and 20Cu-
FeOOH/CNNS composite at low and high magnifications, re-
vealing a 2D morphology composed of crumpled nanosheets
with numerous wrinkles and folds (Fig. 3A and C). A 3D po-
rous configuration with interconnected nanowalls was ob-
served in the high-magnification images (Fig. 3B and D). The
obvious wrinkles in the pristine CNNS and 20Cu-FeOOH/
CNNS composite indicated their flexible characteristic. How-
ever, the Cu-FeOOH clusters could not be differentiated from
the CNNS in the FESEM image due to the ultrafine particle
sizes. Fig. 4 displays the TEM images of the pristine CNNS
and 20Cu-FeOOH/CNNS composite. The pristine CNNS
consisted of thin crimped nanosheets and some loose aggre-
gates with a size of several micrometers appeared, as shown
in Fig. 4A. For the 20Cu-FeOOH/CNNS composite, it can be
seen from Fig. 4D that a similar morphology to that of the
pristine CNNS was observed, comprising a large scale of hier-
archical flakes that interconnect together, constitute opened-
up micron-sized nanosheets and are quite uniform all over
the sheets with no particles and other aggregates on the sur-
face, which indicated the intact morphology of CNNS after
the introduction of Cu-FeOOH clusters. As illustrated in the
high-magnification TEM images, homogeneous sheet-like
CNNS was observed, exhibiting a smooth surface without any
obvious nanoparticle growth (Fig. 4B and E). The HRTEM im-
ages displayed a huge amount of random disorder in the

Fig. 3 The low- and high-magnification FESEM images of pristine
CNNS (A and B) and 20Cu-FeOOH/CNNS (C and D).
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Fig. 4 Typical low- and high-magnification FETEM images and HRTEM
images of pristine CNNS (A-C) and 20Cu-FeOOH/CNNS (D-F).

basal plane domain of CNNS and the 20Cu-FeOOH/CNNS
composite, while no obvious nanoparticles were observed on
the surface of CNNS (Fig. 4C and F). To further investigate
the microstructure and composition of the 20Cu-FeOOH/
CNNS composite, high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and ele-
mental mapping analysis were performed as shown in Fig. 5.
It is clearly revealed that the Fe and Cu species formed tiny
clusters with sizes less than 1 nm and highly uniformly dis-
persed on the surface of ultrathin CNNS nanosheets. More-
over, the elemental mapping image shows that the orange
yellow and peacock blue bright spots corresponding to Fe
and Cu uniformly disperse on CNNS, and there is no segrega-
tion of Fe and Cu with sizes exceeding 1 nm, demonstrating
that the majority of Fe and Cu species exist exclusively as iso-
lated sub-nanometer clusters.

The nitrogen adsorption-desorption isotherms and corre-
sponding pore size distribution curves of CNNS, FeOOH/
CNNS and 20Cu-FeOOH/CNNS are displayed in Fig. 6A. All
samples have similar nitrogen adsorption-desorption iso-
therms of type IV, on the basis of the IUPAC classification.
Hysteresis loops formed in the high relative pressure range

B e
(© N
I I
Cu

Fig. 5 The HAADF-STEM image (A) and elemental mapping images for
(B) C, (C) N, (D) Fe, (E) Cu and (F) O elements.

Fe
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indicate the formation of large mesopores and macropores.
The pore size distribution curves (inset in Fig. 6A) show a
wide range of 0-50 nm, confirming the existence of meso-
pores and macropores. Further observation shows that the
curve of the pristine CNNS has two peaks at pore diameters
of ~1.3 and 15.8 nm, while the peak at ~1.3 nm decreases in
the curves of FeOOH/CNNS and 20Cu-FeOOH/CNNS. It is
known from TEM observation that the Cu-FeOOH clusters
have a size of 1 nm, which can fill in those mesopores of
~1.3 nm and result in larger average pore size of the 20Cu-
FeOOH/CNNS samples.

The UV-vis/DRS spectra of the pristine CNNS and Cu-
FeOOH/CNNS composites are shown in Fig. 6B. It should be
noticed that the Cu-FeOOH/CNNS composites not only pos-
sessed a relatively narrow absorption edge, but also obviously
extended the visible light absorption region along 450-600
nm. Absorption shoulders at ~450-600 nm are ascribed to
interfacial charge transfer from the CNNS to the Cu-FeOOH
clusters. Furthermore, with increasing Cu-FeOOH cluster
loading, the intrinsic band gap changes negligibly. The steep
edges of the most intense absorption are situated at similar
wavelengths of around ~460 nm, corresponding to the char-
acteristic band gap energy of ~2.7 eV.>*® This characteristic
absorption is due to the electron transition from the VB to
the CB (interband transition). Note that the negligible change
of band gap energy upon loading of Cu-FeOOH clusters is be-
cause the Cu-FeOOH cluster species are not doped, or incor-
porated, into the lattice structure of CNNS. They are merely
deposited on the surface. Consequently, the band structure
of CNNS remains nearly unaltered. As a result, the Cu-
FeOOH/CNNS composites could greatly improve the optical
absorption properties and increase the utilization efficiency
of solar light, which would enhance the catalytic activity.

Catalytic tests

The degradation of MB via PFR under different conditions
was evaluated, as shown in Fig. 7A. Prior to illumination, the
suspension was magnetically stirred for 30 min in the dark to
achieve the adsorption equilibrium of MB on the catalyst
powders (Fig. S57). Negligible MB was removed in the ab-
sence of visible light and H,0,, which indicated the limited
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Fig. 6 (A) N, adsorption-desorption isotherms and the corresponding
pore size distribution curves (inset); (B) UV-vis diffuse reflectance
spectroscopy spectra.
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degradation/adsorption contributions from direct H,0, oxida-
tion and physical absorption, and the radical-based oxidation
process would be considered as the primary pathway for MB
degradation. However, sole visible light irradiation still failed
to activate H,0, and release sufficient radicals for MB degra-
dation, demonstrating the essential role of the heterocatalytic
effect of catalysts in the degradation of MB. When in the
dark, much lower degradation efficiency was detected, as
expected, as compared to that under light irradiation. The
degradation ratio of MB is ~44.3%, ~56.4% and 63.3% for
pristine CNNS, Cu-FeOOH and FeOOH/CNNS after 40 min,
respectively. However, when it comes to the Cu-doped Cu-
FeOOH/CNNS composites, the degradation efficiencies in-
creased to ~85.2%, ~96.2%, ~98.7% and ~97.7% in 40 min
for 5Cu-FEOOH/CNNS, 15Cu-FeOOH/CNNS, 20Cu-FeOOH/
CNNS and 30Cu-FeOOH/CNNS, respectively (Fig. 7B). The re-
sults confirmed that the small sized clusters as more active
sites on the interface in the composites played the key role in
improving the catalytic activity. Even within 10 min, their
degradation efficiencies were still as high as ~63.1%,
~74.8%, ~86.3% and ~80.8%, respectively, indicating the ex-
cellent photo-Fenton activity of the Cu-FeOOH/CNNS compos-
ites. To highlight the function of the catalysts, the concentra-
tion change of H,0, during the reaction in different
processes was investigated and the results are shown in Fig.
S6.f We also conducted Fenton and photo-Fenton reactions
over 20Cu-FeOOH/CNNS, as shown in Fig. S7.; The Fenton ef-
fect slightly reduced the concentration of MB, while the
photo-Fenton effect has a profound impact on the degrada-
tion of MB, and it is almost able to completely degrade MB
within 40 min. The catalytic activity of the photo-Fenton reac-
tion was much higher than that of the Fenton reaction in
20Cu-FeOOH/CNNS. The excellent catalytic activity for MB
degradation could be ascribed to the following synergistic ef-

fects: (i) the wunique hierarchical structure with
: o
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Fig. 7 (A) The photo-Fenton properties of 20Cu-FeOOH/CNNS under
different reaction conditions; (B) the photo-Fenton activities and (C)
rate constants of pristine CNNS, Cu-FeOOH clusters and Cu-FeOOH/
CNNS composites; (D) the UV-vis spectra and the photograph of the
corresponding color change of MB degradation during different reac-
tion times.
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interconnected crimped nanosheets provided adequate mo-
lecular transportation channels, facilitating the diffusion of
MB to the surface of the catalysts; (ii) the extensive exposed
outer surface further endowed them with abundant catalytic
sites for MB degradation; (iii) the ultrafine Cu-FeOOH clus-
ters could shorten the diffusion distance of electrons to the
surface; (iv) the ultradispersed nature of Cu-FeOOH clusters
on CNNS would induce strong interfacial coupling effects,
which could not only promote the migration of electrons but
also improve the stability of the composites. The obvious dis-
crepancy between the catalytic activities and BET surface
areas, in which Cu-FeEOOH/CNNS showed enhanced catalytic
activity towards MB over the pristine CNNS although the pris-
tine CNNS had higher BET surface area, indicated that the
decoration of the functional Cu-FeOOH clusters on the CNNS
significantly improved its catalytic performance. By consider-
ing the features of Cu-FeOOH/CNNS, there are several impor-
tant factors, e.g. Cu/CNNS, FeOOH/CNNS, Cu-FeOOH and the
synergistic effect among Cu, FeOOH and CNNS, which may
be responsible for the significant enhancement in its catalytic
ability. To find out which component is mainly responsible
for its activity, a series of controlled experiments were also
conducted and the results are shown in Fig. S8.f

To further understand the reaction kinetics of MB degra-
dation, the pseudo-first-order model was used, as expressed
by the following formula:**

In(C,/C) = Kt (1)

where K is the apparent first-order rate constant (min™), ¢ is
the reaction time (min), C, is the initial concentration and C
is the concentration at reaction time ¢ during PFR. The re-
sults showed that the highest MB degradation rate of 20Cu-
FeOOH/CNNS (~0.089 min™') was ~8.1, ~5.9, ~5.2, ~2.3,
~1.3 and ~1.1 times faster than those of CNNS (~0. 0.011
min™"), Cu-FeOOH (~0.015 min™'), FeOOH/CNNS (~0.017
min'), 5Cu-FeEOOH/CNNS (~0.037 min'), 15Cu-FeOOH/
CNNS (~0.069 min ') and 30Cu-FeOOH/CNNS (~0.079
min™"), respectively, further validating the positive effect of
Cu-FeOOH clusters on the catalytic efficiency (Fig. 7C). To
further illustrate the advantages of the as-prepared catalysts,
the rate constants (K) were compared before and after being
normalized with the surface area (Table $21).>® The activity
enhancement increased from ~5.23 to ~6.59 times after be-
ing normalized with the surface area, further suggesting the
synergistic effects on the degradation enhancement. Fig. 7D
shows the UV/vis spectra of the characteristic peak of MB
over 20Cu-FeOOH/CNNS. It was found that the intensities of
the characteristic peaks of MB at ~617 and ~665 nm de-
creased rapidly within 5 min. With further elapse of reaction
time, the decrease in MB peak intensity continued but slowly,
and the two characteristic peaks became very broad and
weak. At the same time, the color of the mixture turned shal-
low gray and finally became colorless (inset of Fig. 7D). The
original absorption maximum peak at ~665 nm shifted to
~654 nm after reaction for 5 min and then shifted to ~636
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nm at 20 min reaction time. The obvious blue shift of the ab-
sorption band showed the occurrence of N-demethylation in-
termediates of MB.>**” The degree of oxidative destruction of
organic pollutants is generally represented by mineralization
which can be analyzed using TOC removal. The mineraliza-
tion level of MB in the Cu-FeEOOH/CNNS-H,0, system was
evaluated through the degree of TOC removal (Fig. S97). In
fact, the total mineralization of an organic compound such
as MB containing C, S, and N functions leads generally to the
formation of CO,, SO,>”, NH," and/or NO;". As seen in Fig.
S9,f ~70% TOC removal was reached within ~40 min. The
residual TOC may be associated with some small molecular
organic acids generated from the catalytic reaction.

In addition, the effects of other factors, such as the initial
MB concentration, H,O, concentration and pH value, on MB
degradation over 20Cu-FeOOH/CNNS were further studied.
Fig. 8A compares the degradation abilities at various initial
concentrations (5-30 mg L™ MB) and the results indicated
that MB could be completely degraded at concentrations of 5
and 10 mg L' within ~5 and ~30 min, respectively. At high
concentrations, ~93% MB was eliminated within the same
time when the concentration increased to 15 mg L. An ex-
traordinarily high degradation ratio of ~73% could still be
achieved even at 30 mg L™, demonstrating the extremely
high decontamination efficiency of 20Cu-FeOOH/CNNS. At
high concentrations, the MB or degradation products could
compete for the limited reactive sites on the catalyst surface,
hence slightly inhibiting MB degradation. The effect of H,0,
concentration on the catalytic activity is shown in Fig. 8B.
The degradation efficiency would be gradually enhanced
from ~76.5% to ~91.3% within 15 min with increasing H,0,
concentration from 7.8 to 25.5 mM, and ~95.6% and
~98.7% MB was finally degraded, respectively. This observa-
tion could be ascribed to the fact that increasing H,O, con-
centration would provide more H,O, molecules to attach to
the active sites, which accelerated the generation of radical
species. However, further increasing H,0, concentration over
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Fig. 8 The effect of MB concentration (A), H,O, concentration (B) and
initial pH (C) on MB degradation over 20Cu-FeOOH/CNNS; (D) time
profiles for removal of other organics.
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25.5 mM, such as 31.3 mM, did not enhance the degradation
rate significantly, which could be explained from two aspects:
(i) the active sites on the surface of the catalyst were limited,
and thus excessive H,0, could not be activated to release
more radical species; (ii) unprofitable consumption of H,0,
from the scavenging effect and recombination with each
other led to the lack of further improvement at higher
concentration.

H202 + .OH - Hzo + .OzH (2)
‘0,H + 'OH — H,0 + 0, 3)
‘OH + 'OH — H,0, (4

The effect of initial pH values on PFR was investigated as
shown in Fig. 8C. The results showed that the catalytic activ-
ity of 20Cu-FEOOH/CNNS was similar in the pH range of
~4.79-10.12 with a high degradation ratio of ~97% within
40 min. An increase in the solution pH led to an increase in
the removal efficiency under weakly acidic or alkaline condi-
tions. Higher pH could provide a higher OH™ concentration
to react with holes to form "OH radicals, thus enhancing MB
degradation. The above results indicated that the catalytic ac-
tivity of 20Cu-FeOOH/CNNS was slightly affected by the initial
pH of the reaction, implying the wide pH range for MB degra-
dation. We speculated that the high standard reduction po-
tential difference (0.6 V) could form the galvanic behavior be-
tween Cu (Cu®*/Cu’, E° = 0.17 V) and Fe (Fe*"/Fe**, E® = 0.77
V), which could promote the cycle rate of Fe**/Fe*" and Cu**/
Cu" pairs in the 20Cu-FeOOH/CNNS system, further facilitat-
ing the generation of hydroxyl radicals.*®

The general applicability of the catalyst to different kinds of
pollutants was further examined, as shown in Fig. 8D. It was a
remarkable fact that over ~90% of all organic pollutants, in-
cluding rhodamine B (RhB), Congo red (CR), methyl orange
(MO), 4-nitrophenol (4-NP) and tetracycline (TC), were de-
graded within 40 min. The effects of catalyst dosage on MB
degradation were further evaluated (Fig. S10t). The MB degra-
dation efficiency increases from 76.5% with 5 mg L™ catalyst
to 96.9% with 30 mg L™ catalyst within 10 min, suggesting
that the increased loading of catalyst provides more active sites
for H,0, to interact with the 20Cu-FeOOH/CNNS composite.
However, further increasing the catalyst loading does not no-
ticeably improve the MB removal efficiency under the limited
dye concentration. These results illustrated the broad degrada-
tion scope with high degradation efficiency of Cu-FeOOH/
CNNS composites as a potential industrialization application
for different organic pollutants via PFR.

Mechanism discussion

Hydroxyl radicals are known to act as the major active radicals
and play an important role in the heterogeneous Fenton reac-
tion. To further ascertain the dominant reactive species in PFR
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catalyzed by Cu-FeOOH/CNNS, free radical trapping examina-
tion was performed by employing isopropanol (IPA), ethyl-
enediaminetetraacetic acid disodium salt (EDTA-2Na) and ben-
zoquinone (BQ) as "OH, h" and O, radical scavengers during
PFR, respectively.”” As shown in Fig. 9A, the MB degradation
efficiency presented an obvious decrease from ~98.7% to
~70.9% as the concentration of IPA increased from 100 pL
(~26.5 mmol L") to 500 uL (~132.5 mmol L), indicating a
major role of ‘OH radicals in catalytic MB degradation. Note
that the ‘'OH may partially originate from the reaction of
dissolved O, with the photogenerated electron. The addition of
EDTA-2Na slightly retarded the catalytic degradation of MB,
manifesting that h* was a minor reactive species in this PFR.
With the addition of BQ used as an efficient trapper of O,
the degradation of MB could be slightly limited, which indi-
cated that limited O, might participate in MB degradation.
To verify the role of O, in this PFR, the reaction solution in-
fused with N, and O, was investigated (Fig. 9A and S11Af).
The results indicated that higher dissolved O, levels resulted
in faster degradation rates, while the degradation rate of MB
was inhibited after being pumped with N,. This result revealed
that O, played a significant role in this PFR. The addition of a
singlet oxygen quencher, N;7, did not reduce the photocatalytic
performance too much, suggesting that 'O, was just a minor
active species. In the absence of H,0,, the 20Cu-FeOOH/CNNS
composite showed a very low activity for MB degradation
(Fig. 7A), indicating that the active species in the PFR mainly
came from the decomposition of H,0, rather than the photo-
generated holes on the semiconductors. These results clearly
evidenced that photogenerated ‘OH is the main active species
for the degradation of MB in this PFR. Moreover, MB degrada-
tion at different pH values was also conducted, as displayed in
Fig. S11B.} It was found that the degradation efficiency largely
increased with reducing pH value. The results indicated that
H,0, was used as the intermediate oxidation reagent. When
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Fig. 9 (A) The influence of radical scavengers on MB degradation over
20Cu-FeOOH/CNNS; fluorescence spectra of (B) 20Cu-FeOOH/CNNS/
visible light and (C) 20Cu-FeOOH/CNNS/H,0,/visible light at different
irradiation times; (D) time-dependent fluorescence signal intensity at
426 nm of 2-hydroxyterephthalic acid generated by reacting
terephthalic acid with ‘OH radicals under the irradiation of a Xe lamp.
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moderate O, was produced from dissolved O,, as H' existed,
it would assist O, to react with electrons to form H,O,. That
is, the H,0, concentration may increase through the direct in-
teractions of photogenerated electrons with the surface-
adsorbed oxygen on the photocatalyst under the Cu-FeOOH/
CNNS + O, + sunlight system, leading to enhancement of the
degradation rate.

e + 0O, — 02._

e +0,” +H" — H,0,

The electron spin resonance (ESR) technique with 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as a radical trapping
agent was carried out to examine the radical species that were
generated during the 20Cu-FeOOH/CNNS catalytic process. As
shown in Fig. S12,f negligible ESR signals are observed under
dark conditions. However, the intensity ratios of 1:1:1:1
quartet characteristic ESR signals for DMPO-O,™ and 1:2:2:
1 quartet pattern signals for the DMPO-'OH spin adduct are
found under visible light irradiation for 10 min. This
suggested that O, and ‘OH are generated in both the CNNS
and 20Cu-FeOOH/CNNS catalytic systems. Moreover, the
DMPO-'OH signals of 20Cu-FeEOOH/CNNS are significantly
stronger than those of CNNS, which revealed that more ‘OH
radical species could be generated following the introduction
of Cu-FeOOH, while the intensity of DMPO-O," signals only
slightly increases in the presence of 20Cu-FeOOH/CNNS. That
is to say, 20Cu-FeOOH/CNNS plays a crucial role in activating
hydrogen peroxide to generate large amounts of "OH under the
current conditions. This was consistent with the results that
‘OH was the major active oxidation species. Moreover, we fur-
ther performed a detection assay of ‘'OH in the PFR using
benzoic acid as the probe, which could react with "'OH and
capture it to form hydroxybenzoic acid with a strong PL signal
at ~424 nm, as shown in Fig. 9B-D. The ‘'OH was generated
for 20Cu-FeOOH/CNNS under irradiation, and the concentra-
tion increased with irradiation time. With the addition of
H,0,, the generation rate of hydroxide radicals became ~2.87
times higher than that without H,0,, which further confirmed
the production of ‘OH from H,0, and the advantages of the
structure for the PFR.

Based on the above results, a degradation mechanism was
proposed and is described in Fig. 10. PFR occurred both in
the solution and on the surface of the catalyst, and both
homogeneous and heterogeneous catalytic mechanisms were
involved in MB degradation via the PFR system. MB mole-
cules and H,0, were first adsorbed on the catalyst surface,
initiating the following reactions: (i) under visible light irradi-
ation, both Cu-FeOOH and CNNS could be excited to form
photogenerated electron-hole pairs. Then, the photo-
generated e transferred from CNNS to Cu-FeOOH and h'
underwent an opposite transfer because of the inner electric
field existing in the heterojunctions. As a result, the recombi-
nation rates of electron and hole pairs in both Cu-FeOOH
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Fig. 10 Schematic illustration of the possible catalytic mechanism of
H,0O, with the pristine CNNS, FeOOH/CNNS and Cu-FeOOH/CNNS
composites.

and CNNS themselves were suppressed; (ii) partial excited
electrons directly transferred from the VB of CNNS to Fe’*
and Cu®' from Cu-FeOOH clusters through the direct interfa-
cial charge transfer route, and the reduction of Fe*" species
to Fe?* species and Cu®" species to Cu* species occurred, re-
spectively; (iii) the Fe*" and Cu" species reacted with H,0, to
catalytically produce ‘OH quickly; (iv) the reduction of Fe** by
Cu’ was thermodynamically favorable as shown by the follow-
ing equations: Cu®>* + e” — Cu®; E, = 0:17 V, Fe*" + ¢ —
Fe**; E, = 0.77 V. Thus, Cu” and Fe*" exhibited redox cycling
in the presence of H,0, and produced ‘OH. That is, the pres-
ence of Cu®'/Cu" effectively enhanced the Fe*'/Fe*" species cy-
cle to maintain enough Fe** ions in this PFR system and thus
favored the fast production of highly reactive ‘OH for MB deg-
radation; (v) the cycle of Fe*'/Fe** and Cu®"/Cu” pairs was also
enhanced by visible light irradiation; (vi) although ‘OH was
the dominating active radical, it may also be produced by vis-
ible light irradiation; (vii) the Cu-FeOOH clusters with small
size provided more active Fe** and Cu®* at the interface be-
tween Cu-FeOOH and CNNS, then the highly reactive "OH
radicals consequently reacted with MB and its intermediate
products to accomplish the degradation of organic compo-
nents. Based on this mechanism, it was proposed that the ca-
talysis enhanced the heterogeneous Fenton process of Cu-
FeOOH/CNNS leading to the higher catalytic activities and
mineralization efficiency. The reaction processes for the deg-
radation of MB could be depicted as follows:

Cu-FEOOH/CNNS + iv — e + h" (5)
H,0, + hv — 2'0H (6)

h"+ H,0 —» 'OH + H" (7)

h*+ OH - "'OH (8)

e +0,— 0, 9)

‘0O, +2H'+e — H,0, (10)
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H,0, + e — 'OH + OH~ (11)
Fe** + hy — Fe* (12)
Fe*' + H,0, — Fe*' + 'O,H + H' (13)
Fe** + H,0, — Fe*' + "OH + OH~ (14)
Fe*' + 'O,H — Fe*' + HO,~ (15)
Fe*' + 'O,H — Fe*" + 0, + H' (16)
Cu** + H,0, — Cu' + 'O,H + H' (17)
Cu' + H,0, — Cu*' + 'OH + OH~ (18)
Cu' + Fe** — Cu®* + Fe** (19)
Cu**+e — Cu" (20)
Fe** + e — Fe** (21)

"OH + organic pollutants — degradation products  (22)

Environmental applications of Cu-FeOOH/CNNS composites

The stability and reusability of catalysts is crucial to their
practical applications. The catalytic stability of the 20Cu-
FeOOH/CNNS composite was also studied by recycling the
catalytic degradation of MB under the same conditions, as
shown in Fig. 11A. It was interesting to find that no obvious
decrease in the catalytic efficiency of the 20Cu-FeOOH/CNNS
composite was observed in MB degradation after ten recycles,
suggesting that this catalyst had good reusability and had
great potential for its practical application. To investigate the
stability of Cu-FeOOH/CNNS, atomic absorption spectroscopy
was used to detect possible Cu and Fe leaching in the system,
as shown in Fig. S13.1 The good stability could be ascribed to
the dynamic equilibrium of Fe**/Fe** and Cu®*/Cu’ under visi-
ble light irradiation. H,O, could activate Fe** to Fe** and
Cu** to Cu’ ions, and the generated Fe** and Cu" ions were
oxidized immediately by H,0, to complete the Fe**/Fe*" and
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Fig. 11 (A) MB degradation efficiency during different cycles and (B)
catalytic performance of the Cu-FeOOH/CNNS/H,O,/visible light
system in different water samples.
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Cu®*/Cu’ redox processes and produce "OH radicals through
Fenton-like processes.'”” Meanwhile, the formed Fe®" ions
could also react with the Cu* ions to form Fe** and Cu®" to
accelerate the transformation of Fe**/Fe®" and Cu”*/Cu’, giv-
ing rise to the additional 'OH radical generation during the
degradation. For a better insight into the valence state
changes of Cu-FEOOH/CNNS before and after reaction, XPS
analyses were carried out and the results are shown in Fig.
S14. As a result, the Fe and Cu species could be regenerated,
thus stabilizing 20Cu-FeOOH/CNNS. Compared with the tra-
ditional heterogeneous Fenton reaction, the as-prepared Cu-
FeOOH/CNNS catalysts have a high tendency to be potentially
applied to the removal of organic pollutants.

To further demonstrate the real application potential of
the Cu-FEOOH/CNNS hybrid catalysts, different water sam-
ples from the University of Jinan were collected as the practi-
cal water samples, and the catalytic degradation of organic
pollutants by natural sunlight irradiation was tested at 9:00
AM-15:00 PM within several days of July in Jinan (location:
117.00° East, 36.40° North), China. As shown in Fig. 11B, the
MB degradation efficiencies in deionized water, tap water,
rainwater, park water and Jiazi River water were 98.7%,
96.6%, 92.4%, 87.7% and 83.6%, respectively. The slightly
lower degradation efficiencies in the real samples as com-
pared with that in deionized water can be attributed to the
existence of various competitive substances, indicating the
potential practical application of the Cu-FeOOH/CNNS com-
posites for realistic wastewater treatment and recovery. Under
natural sunlight irradiation, large-scale application at 15 L
was also performed to show the practical catalytic efficiency
in industrialization. 20Cu-FeOOH/CNNS with H,0, worked
strikingly under environmental sunlight irradiation and it
took ~180, 210 and 240 min to completely degrade MB, RhB
and CR, respectively. This result represented an important
advance for practical PFR catalytic water treatment applica-
tion in the perspective of significantly reduced energy con-
sumption. The corresponding digital photographs for degra-
dation of MB, RhB and CR are shown in Fig. 12. In real life,
wastewater often contains a combination of different organic
pollutants that need to be treated at the same time. To mimic
real wastewater, a mixed solution containing 5 mg L™ MB, 5
mg L™ RhB and 5 mg L™ CR was prepared. The degradation
can be completed within ~300 min using the 20Cu-FeOOH/

This journal is © The Royal Society of Chemistry 2018
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CNNS composite (Fig. 12), indicating a powerful degradation
efficiency and scope of Cu-FeEOOH/CNNS composites. There-
fore, it is reasonable to expect a practical application of Cu-
FeOOH/CNNS composites for real wastewater remediation in
industrialization.

Conclusions

In summary, amorphous sub-nanometer Cu-doped FeOOH
clusters were successfully incorporated onto the surface of
ultrathin g-C;N, nanosheets via a facile and scalable method.
The hybrid nanosheets possessed a unique hierarchical nano-
structure, comprising abundant uniformly dispersed sub-
nanometer Cu-FeOOH clusters tightly anchored on the CNNS
surface. At an optimal Cu-FeOOH cluster content, the com-
posites showed an excellent PFR activity for the degradation
of organic pollutants under visible light irradiation. Such en-
hanced catalytic activity was attributed to the unique advan-
tages in the PFR performance: (i) the novel hierarchical struc-
ture with interconnected nanowalls accelerated the diffusion
of pollutants from the exterior to interior sites on the cata-
lyst; (ii) the Cu-FeOOH clusters with small size provided more
active Fe®" and Cu®" species at the interface; (iii) the intro-
duction of Cu not only improved the efficiency of the Fe**/
Fe*" cycle reaction on the catalyst surface, but also facilitated
the generation of "OH; (iv) the recycling capability and suc-
cessful large-scale application demonstration under natural
sunlight would advance the catalytic water treatment develop-
ment. This work could give insights into the importance of
rational design of PFR systems, and provide a potential
method for the construction of efficient heterogeneous
Fenton catalysts with controllable sizes and space
distributions.
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