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Enhanced Catalytic Activity in Liquid-Exfoliated FeOCl Nanosheets

as a Fenton-Like Catalyst
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/Abstract: A facile liquid-phase exfoliation method to pre-
pare few-layer FeOCl nanosheets in acetonitrile by ultrasoni-
cation is reported. The detailed exfoliation mechanism and
generated products were investigated by combining first-
principle calculations and experimental approaches. The sim-
ilar cleavage energies of FeOC| (340 mJm™?) and graphite
(320 mJm~?) confirm the experimental exfoliation feasibility.
As a Fenton reagent, FeOC| nanosheets showed outstanding
properties in the catalytic degradation of phenol in water at
room temperature, under neutral pH conditions, and with

-

sunlight irradiation. Apart from the increased surface area of\
the nanosheets, the surface state change of the nanosheets
also plays a key role in improving the catalytic performance.
The changes of charge density, density of states (DOS), and
valence state of Fe atoms in the exfoliated FeOC| nanosheets
versus plates illustrated that surface atomistic relationships
made the few-layer nanosheets higher activity, indicating
the exfoliation process of the FeOCl nanosheets also
brought about surface state changes.

/

Introduction

To meet the scientific challenges of the increasing global
demand for materials with exotic properties, ultrathin 2D nano-
sheets of layered materials have been widely exploited in
recent years.! These have strong in-plane chemical bonds but
weak out-of-plane van der Waals bonds between the layered
materials.” Owing to their advantages such as improved elec-
trochemical and mechanical properties, ultrathin 2D nano-
sheets represent a promising and appealing material for high
performance sensors, electronic devices, energy devices, and
catalysis.’™® Studies have been focused on synthesis methods
for ultrathin 2D nanostructures of layered materials, such as
mechanical exfoliation, liquid exfoliation, ion intercalation and
exfoliation, chemical vapor deposition (CVD), and wet-chemical
synthesis.”"" Among these much-employed methods, liquid
exfoliation has been widely used to produce single-layer or
few-layer ultrathin 2D nanosheets because it is easier and
more convenient than other methods.”! Furthermore, the as-
obtained 2D nanosheets can form colloidal dispersions in sol-
vents.®?
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Nowadays, the health of humans is being seriously under-
mined by organic pollution caused by various production
methods. The development of rapid and complete degradation
of organic pollutants without causing secondary pollution is
crucial for water treatment."? To date, Fenton reactions, as an
advanced oxidation technology, have drawn significant atten-
tion. These reactions are based on the generation of OH" to de-
compose organic molecules into small nontoxic molecules,
such as CO,, H,0, and inorganic salts."¥ Fenton reactions are
inexpensive, safe, and environmentally friendly. Despite
a series of Fenton compounds (FeOOH, Fe,O,, FeS), few-layer
MoS, nanosheets, Fe,O,/graphene, graphite oxide (GO)-Fe;O,,
and [-FeOOH-TiO, being applied to the heterogeneous reac-
tion,"*2! these Fenton agents either cause secondary pollution
in the treatment procedure or need rigorous conditions such
as acidic medium, ultraviolet light, or high temperature, which
greatly limits their practical applications.”>?? FeOCl|, as an oxy-
halide compound, possesses orthorhombic system with a lay-
ered structure, in which the adjacent layers are bonded across
interlayer atoms by van der Waals interactions.”” FeOC| is
often used as the host material of intercalation compounds be-
cause of the weak interaction between the layers.***! As
a good catalyst for Fenton reactions, FeOCl shows very good
performance in the catalytic degradation of aqueous organic
pollutants.’®*’ Up to now, only FeOCI plates have been pre-
pared by solid-phase or vapor-deposition synthesis meth-
0ds;?? as far as we are aware, the preparation of ultrathin
FeOCl nanosheets by the easier and more convenient liquid-
exfoliation method has not been reported yet.

The physical and chemical performances of exfoliated nano-
sheets highly depend on the preparation method because of
the surface atomistic changes, adsorbed molecules, and in-
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duced defects in the nanosheets.””*” Therefore, knowledge of
the exfoliation process and the structural characteristic of the
as-exfoliated nanosheets helps shed light on the controlled
synthesis of nanosheets of high quality and studying the
unique properties associated with exfoliation. The cleavage
energy and intercalation energy, which are the crucial criteria
to judge the exfoliation difficulty of layered materials, are
rarely acquired in experiments.®" First-principle calculations as
an important supplementary means has been successfully ap-
plied to investigate the exfoliation of MnPSe,, the exfoliation
and intercalation process of graphite by Brgnsted acids, single
layers of K,CuF, and Ca,N nanosheets, etc.”"** Unfortunately,
the exfoliation and intercalation mechanism of FeOCl has not
been studied, and the catalytic mechanism of H,0, decomposi-
tion on the FeOCl surface to yield hydroxyl radical is not clear
either.

Herein, we have used a facile liquid-phase exfoliation
method to prepare few-layer FeOCl nanosheets. The detailed
exfoliation mechanism and generated products were investi-
gated by a combined first-principle calculation and experimen-
tal approach. We arrived at FeOC| nanosheets by first studying
the cleavage energy. As a Fenton reagent, FeOCl nanosheets
show superior performance in the catalytic degradation of
phenol in water compared with plates at room temperature,
under neutral pH conditions, and with sunlight irradiation. To
evaluate the catalytic performance of exfoliated few-layer
FeOCl nanosheets, contrast experiments were done to investi-
gate whether the enhanced catalytic activity was only caused
by the surface area effect. We further studied the charge densi-
ty and density of state changes of the exfoliated FeOCI nano-
sheets versus plates, illustrating that the surface atomistic rela-
tionship also made the few-layer nanosheets more active
owing to the decrease in band gap in the visible-light region.
Moreover, the valence of Fe" decreased with decreasing thick-
ness. All the evidence regarding the nanosheets clearly indi-
cates that the exfoliation process of FeOCl plates brings about
surface state changes, which promotes generation of OH" radi-
cals and phenol degradation.

Results and Discussion

Chemical intrinsic exfoliation mechanism and the as-pre-
pared few-layer FeOCl nanosheets

In liquid exfoliation, the cleavage energy and solvent surface
tension are introduced to judge the exfoliation feasibility. For
the purpose of studying the exfoliation possibility of FeOCl, we
first calculated the cleavage energy, which is 340 mJm~2 (Fig-
ure S3a in the Supporting Information). Additionally, the cleav-
age energy of graphite was also calculated for exfoliation crite-
rion,®'>% and the calculated value of 320 mJm™2 (Figure S3b)
is very close to the experimentally estimated one
(360 mJm~2).5* Clearly, the similar cleavage energies of FeOCl
and graphite imply that the exfoliation of bulk FeOCl is feasible
experimentally. Apart from the cleavage energy, the surface
tension of the solvent should be matched with the surface
energy of the 2D nanosheets.®® The small difference between
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surface energy of FeOC| (80 mJm™2) and graphite (120 mJm™)
in our calculations confirms the realistic possibility for exfolia-
tion in liquid. In experiment, the surface tension needed for
the exfoliation of graphite is about 40-50 mJm 253 Based
on the various organic solvents containing -CN groups that
have been intercalated in FeOCl interlayers and the easy inter-
calation associated with small carbon chain length,?*%3) ace-
tonitrile (29.58 mJm~2) was chosen as the solvent. To further
confirm the energetically favorable rationality of acetonitrile,
we then calculated the adsorption and optimized structures of
-CN or -CH; on the FeOCl (010) crystal face and interlayer (Fig-
ure S4 in the Supporting Information). The larger adsorption
energy of the -CN group (—0.22 eV, Figure S4a) than that of
the -CH; group (—0.16 eV, Figure S4b) indicates the stronger
adsorption of -CN on the FeOC| surface than -CHs. Further-
more, the negative intercalation energy (—0.39eV) in Fig-
ure S4c implies an energetically favorable intercalated stage.
Otherwise, the distances of N--Cl and H--Cl reveal the electro-
static attraction between CH;CN and the FeOC! surface (Fig-
ure S4a—-c). In addition, acetonitrile and water can mutually dis-
solve each other, which removes the effect of acetonitrile on
the catalysis of FeOCl in water in the next step.

Inspired by the above DFT calculations, the FeOCl nano-
sheets were successfully exfoliated in acetonitrile. The XRD pat-
terns in Figure 1a show the pure phase of the FeOCl plates (or-
thorhombic lattice, JCPDS, No. 24-1005) and a highly preferred
(010) orientation in the plates.”” After exfoliation, the absence
of (010) peaks in the nanosheets confirms the successful exfoli-
ation (Figure 1a).*"! The atomic percent of Fe, O, and Cl in the
nanosheets is 1:1.1:0.9 from the results of energy-dispersive X-
ray spectroscopy (EDS; Figure S5a), implying the nanosheets
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Figure 1. (a) XRD patterns of FeOCI plates and nanosheets. (b) TEM image of
FeOCI nanosheets, inset: Tyndall effect of FeOCl nanosheets in acetonitrile.

(c) AFM pattern of FeOCI nanosheets, inset: layer number distribution of
nanosheets. (d) XPS of Fe2p in FeOCl plates and nanosheets.
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are FeOCl. TEM images indicate that the exfoliated nanosheets
have faint contrast compared with FeOCl plates (Figure 1b and
Figure S5b), which is consistent with their thin nature.*? The
Tyndall effect observed upon irradiating the solution with
a laser beam confirms the colloidal nature, which also proves
the successful exfoliation to nanosheets (Figure 1b). It is worth
noting that the height of solution-processed 2D nanosheets is
overestimated by atomic force microscopy (AFM) measure-
ments because of molecule adsorption on the exfoliated
flakes’ surface to passivate the surface and maintain the struc-
tural stability."**? Clearly, the emergent vibration peaks of
CH;CN in the FTIR spectrum of the as-prepared nanosheets im-
plies the existence of acetonitrile on nanosheets’ surface (Fig-
ure S6 in the Supporting Information). We calculated the thick-
ness of FeOCl| as a bare surface and a coated surface with ad-
sorbed CH;CN (both sides) of one to four layers (Table S2). The
thickness in Figure 1c is about 1.40-3.37 nm, which corre-
sponds to one to four layers of FeOCl. In sharp contrast, the
thickness of FeOCl plates is about 140-160 nm with several mi-
crometers width from the results of SEM and AFM (Figure S5c¢
and 5d). In particular, the layer number distribution deter-
mined by analyzing 100 nanosheets discloses that bilayer
FeOCl nanosheets are in the majority (see the inset in Fig-
ure 1c¢). Although one to four layers of FeOCl nanosheets can
be obtained simultaneously by liquid-phase exfoliation, the
mean layer number is that of a bilayer structure.

To gain insights into the variation of the electronic state, X-
ray photoelectron spectroscopy (XPS) analysis was performed
(Figure 1d). The lower binding energy of Fe2p in nanosheets
compared with plates indicates the reduction of the valence
state Fe" in the FeOC| nanosheets. To further understand the
variation of the electronic state, the charge redistribution was
calculated before and after exfoliation by using the Bader
method (Table 1). The interaction of Fe—O and Fe—Cl in bilayer

Table 1. The valence electron numbers of Fe, O, and Cl at the bulk and
bilayer FeOCI surfaces.

Fe (0] @]
bulk 6.47 7.04 7.48
bilayer 6.76 6.91 7.33

FeOCl nanosheets decreases compared with the bulk material
owing to the decreased valence electron numbers of O and Cl
(7.04 for O and 7.48 for Cl in bulk, 6.91 for O and 7.33 for Cl in
bilayer). Significantly, the valence electron numbers of Fe in bi-
layer FeOCl nanosheets increase from 6.47 to 6.76, strongly
highlighting the reduction of the valence state for Fe atoms, in
accord with the XPS results (Figure 1d). Taken together, it is
clear that the valence state of Fe" diminished with decreasing
FeOCl thickness. It is worth noting that, in Fenton reactions,
the generation rate of OH" over Fe" is proven to be higher
than that over Fe".* As a result, the reduction of Fe" in the
FeOC| nanosheets is of benefit to the electron/charge transfer
to H,0, and further promotes the generation of OH".

Chem. Eur. J. 2016, 22, 9321-9329 www.chemeurj.org

9323

CHEMISTRY

A European Journal

Full Paper

An additional study on surface state difference of FeOCl bulk
and nanosheets was carried out by calculating their total and
partial electronic density of states (TDOS and PDOS). As illus-
trated by the TDOS of bulk FeOCI (Figure 2a), the band gap is
1.84 eV, which is close to our experimental (1.91 eV, Figure S7
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Figure 2. (a) TDOS and (b) PDOS of the bulk. (c) TDOS and (d) PDOS of the
bilayer sample.

(1.90 eV).” In photo-Fenton reactions, UV light is usually
adopted to promote the conversion of Fe" to Fe' to activate
the reaction.”® The smaller band gap of FeOCI compared with
other iron oxides (Fe,O; or FeOOH) can effectively increase the
sunlight utilization."*" The calculated band gap in the bilayers
decreases to 1.70 eV (Figure 2¢) and it is 1.82 eV in our experi-
ment (Figure S7). The reduced band gap is conducive to elec-
tronic transitions and transmission. The contribution to the
conduction band minimum (CBM) arises from the Fe3d orbital
whereas the valence band maximum (VBM) potentials come
from the contribution of Cl and O2p orbitals (Figure 2b and
2d).

Enhanced catalytic activity of exfoliated FeOCl nanosheets
as Fenton-like catalysts

In the Fenton reaction it is highly challenging to achieve high
catalysis in neutral solution because the iron compounds easily
react with acid, causing iron leaching. Therefore, to avoid iron
leaching, a neutral solution was adopted in our experiment.
The phenol degradation over FeOCl plates and nanosheets
(called 2L) with the same weight (SW) and surface area (SSA)
was studied (Figure 3a). In 10 min, the phenol degrades com-
pletely over 2L whereas it only partly degrades (54.4%) over
Plates-SW. Furthermore, only about 3 min is needed to reach
50% degradation over 2L whereas it takes 10 min over Plates-
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Figure 3. (a) Phenol degradation and (b) generation of OH" radicals over
FeOCI nanosheets and plates at various reaction times. 2L represents the
FeOCI nanosheets owing to mainly bilayer materials being present in the
sample (Figure 4c). Plates-SW and Plates-SSA are abbreviations for FeOCI
plates with the same weight or same surface area compared to the exfoliat-
ed nanosheets, respectively.

SW. The catalytic performance of 2L is clearly better than that
of Plates-SW. It is well established that the degradation of
phenol by using Fenton reactions first leads to intermediates
forming, including catechol, hydroquinone, and benzoquinone,
which can further react with OH" radicals to form carboxylic
acids (such as oxalic and formic acid) and eventually mineralize
to CO, and H,0.*** There is still residual formic acid in the so-
lution after degradation over 2L for 10 min, as measured by
HPLC-MS. The recycling performance of the FeOC| nanosheets
was measured by recovering the solid catalyst through high-
speed centrifugation (13000 rpm) and they were reused in the
following cycle after washed with ultrapure water. After four
cycles, the FeOCl nanosheets can still reach 90% degradation
in 10 min (Figure S8 in the Supporting Information). The leach-
ing amount of Fe ions was also measured, which is 1.02 ppm
in first cycle and 1.98 ppm in fourth cycle, meeting the content
standards for iron in water in the EU and US (< 2 ppm).?”

According to Brunauer-Emmett-Teller (BET) measurements,
the surface areas of the plates and 2L are 2.60 m*’g~' and
54.17 m*g~", respectively (Figure S9a-b). Notably, the degrada-
tion efficiency of Plates-SSA compared with Plates-SW in-
creased. Although the degradation efficiency is improved, the
phenol degradation is still not complete in 10 min over FeOCl
Plates-SSA (Figure 3a). The generation of OH" radicals with
super oxidation is crucial for degradation in the Fenton reac-
tion. By using terephthalic acid as a trapping agent, we further
measured the generation of OH" radicals as the active group
for phenol degradation. As shown in Figure 3b, in the first few
seconds after adding H,O,, the generation of OH radicals
reaches 70% in the 2L system whereas only 21 % generation is
seen in the Plates-SW system. After 35 min, the H,0, conver-
sion reaches 100% in the 2L system and 45 % in the Plates-SW
system. The higher generation rate of OH" radicals in the 2L
system is mainly caused by the larger surface area of 2L when
2L and the plates have the same weight, which is also consis-
tent with the higher degradation efficiency of 2L in Figure 3a.
Thus, together, the results from Figure 3a and b clearly show
that the surface area plays a significant role,”>*" but is not the
only reason that contributes to the improved catalytic per-
formance.
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To further study the effect of surface area on the generation
of OH' radicals, we also prepared nanosheets with different
thicknesses (Figure S10 in the Supporting Information). The
mean thicknesses of Sample-1, Sample-2, and Sample-3 are
about 20, 10, and 5.88 nm (about 6-7 layers), respectively (Fig-
ure S10a-c). The corresponding BET surface areas of Sample-1,
Sample-2, and Sample-3 are 28.27, 35.13, and 49.47 m*g”"
(Figure 4a and Figure S10d-f). In addition, the surface area in-
creases following thickness reduction (Figure 4a). We further

1004

804

== Plates
~—i— Sample-1
== Sample-2
=&—Sample-3
-2 L

Surface area (mz/g)

e 204 v v v v
Plates 1 2 3 2L 0 10 20 30 40
Samples Time (min)

Figure 4. (a) Surface areas of the FeOCI plates, Sample-1, Sample-2,
Sample-3, and 2L. (b) Generation of OH’ radicals over FeOCl with different
thicknesses.

measured the generation of OH radicals over FeOC| with dif-
ferent thicknesses but with the same total surface area (Fig-
ure 4b). The performances of OH' radical generation over
Sample-1 and Sample-2 are slightly better than that over
plates, however, there is a clear increase with Sample-2 and
2L. This clearly indicates that the generation of OH" radicals in-
creases following the thickness decrease, and increases signifi-
cantly when the nanosheets thickness is less than 10 nm.
Clearly, the performance of OH’ radical generation over 2L is
the best. These results also clearly point towards the fact that
the increased surface area in FeOCl nanosheets is not the only
reason for the improved performance.

Evolutional mechanism of H,0, on the surfaces of the few-
layer FeOCl nanosheets

Together with the results from XPS and valence electron popu-
lations (Figure 1 and Table 1), the valence state of Fe" in the
nanosheets decreases with decreasing thickness, which is ben-
eficial for electron/charge transfer and the generation of OH’
radicals. In addition, the decreased band gap of the nano-
sheets also increases sunlight utilization (Figure 2 and Fig-
ure S7). Although the comparison between monolayers and
four-layer samples cannot completely reflect the actual situa-
tion, it gives some idea about the thickness-dependence of
the surface state change. Hence, we further calculated the sur-
face state change in one- and four-layered nanosheets.

Based on the consideration that Cl atoms in the surface may
be lost in water owing to the weak interaction between Fe-
Cl® two types of surface terminations (Fe-O atom termina-
tion (OAT) and Cl atom termination (CAT)) are considered in
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our calculations (Figure S11 in the Supporting Information),
which is consistent with metal oxychloride homologues in so-
lution.*? The loss of Cl atoms from the FeOC| surface causes
unsaturated Fe atom coordination, which become highly reac-
tive sites. The charge density of four-layer FeOCl illustrates that
the charge accumulates mostly at the interface between Fe
and Cl atoms (Figure 5a) with decreased bond length for Fe—

Figure 5. The charge density of (a) four-layer and (c) monolayer surfaces
with CAT, and (b) four-layer and (d) monolayer surfaces with OAT. The isosur-
face level is 0.1 and the gray around atoms represents the charge density.

Cl (2.30 A) compared with that of the bulk (2.35 A). The charge
density at the interface between Fe and Cl atoms in the mono-
layer is squeezed owing to the decreased bond length (2.23 A,
Figure 5¢), indicating the increased interaction of Fe—Cl in the
monolayer. The charge density at the interface between Fe
and O atoms accumulates and the interaction of Fe-O also in-
creases in monolayer nanosheets. The surface change from
CAT to OAT becomes more difficult in the monolayer com-
pared with the four-layer system. In Figure 5b,d, the clear ac-
cumulation of charge at the interface between Fe and O
atoms in the surface with OAT indicates their increased interac-
tion. In addition, the bond length of Fe—O in the four-layer sur-
face is a little smaller than that in the monolayer (1.85A in
four-layer surface and 1.87 A in monolayer). The charge accu-
mulation between Fe and O in Figure 5d decreases and is col-
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lapsed compared with that in Figure 5b. In the FeOC| surface
with CAT, the valence electron numbers of Fe are 6.75 in the
four-layer and 6.76 in the monolayer systems, implying a re-
duced valence state of Fe atoms in the monolayer nanosheets.
The valence electron numbers of Cl atoms are 7.34 in the mon-
olayer and 7.35 in the four-layer system, indicating decreased
electronegativity of the Cl atoms in the monolayer. In addition,
the valence electron numbers of Fe atoms are 6.77 in the mon-
olayer and 6.64 in the four-layer system with OAT, implying
also the reduced valence state of Fe atoms in the monolayer
nanosheets. In brief, the valence state of Fe" gradually decreas-
es with decreasing layer number, which is consistent with the
XPS results (Figure 1d).

In addition, the adsorption of molecules on active sites in
the catalyst also greatly affects the catalytic activity, as the ad-
sorption is a rate-determining process and mainly occurs on
the surface of the catalytic agent.”¥ Owing to the short trans-
mission distance of OH' radicals in solution, the degradation
occurred on the catalytic agent’s surface. To further confirm
the effect of surface state change on catalysis, we also calculat-
ed the adsorption of phenol, H,0, and H,0, on the FeOCl sur-
face, which is essential to understand the mechanism of the
improved degradation performance with the nanosheets. The
FeOCl plate is dominated by the (010) plane with a side face
of (101).%”" In the following, adsorption on the (010) plane is
calculated first because of the small proportion of the side
area in the nanosheets (about 5%).

The adsorption of phenol and H,0, increase with increasing
layer number (Figure 6a,b) because the additional layers also
adsorb. The adsorption energy increases significantly from
monolayer to bilayer nanosheets. The adsorption energy differ-
ence (Npye > 3) is so small (0.03 eV for phenol and 0.05 eV for
H,0,) that we believe further increasing the layer number has
little effect on adsorption. The adsorption of H,0O, phenol, and
H.,O, on FeOCl nanosheets with bilayers was calculated and
compared (Figure 6c). Although the adsorption energies of
H,O are —0.15 eV on CAT and —0.20 eV on OAT surfaces, they
are the smaller than those of phenol and H,0O, (Figure 6c). Two
adsorption sites are considered for phenol on the FeOC| sur-
face in our calculations; the H site and the OH site (Fig-
ure S11 a-b). The adsorption energies of the OH site and H site
on the CAT surface are —0.36 eV and —0.39 eV, whereas they
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Figure 6. Adsorption energies of (a) phenol on OAT and CAT surfaces, (b) H,O, on the OAT surface with one to four layers, and (c) H,0, phenol (OH site), and

H,0, (G1 site) on the CAT and OAT sites of the bilayer surface.

Chem. Eur. J. 2016, 22, 9321-9329 www.chemeurj.org

9325

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

are —0.52 eV and —0.33 eV on the OAT surface (Figure S10a-d).
The adsorption energies of phenol are larger than that of H,0O,
indicating the energetically favorable adsorption of phenol in
aqueous solution. All of the adsorptions on the FeOCI surface
are based on electrostatic attraction (Figure S12 in the Sup-
porting Information). In short, the adsorption of phenol on
FeOC| nanosheets is favorable for the catalytic reaction. Addi-
tionally, the smaller adsorption energy of H,O, on the CAT
(—0.24 eV) than the OAT surface (—1.54 eV; Figure 6¢) reveals
the direct interaction between H,0, and Fe atoms.

Considering the effective reaction of H,0, on the FeOCI sur-
face, H,O, can be paired with Fe atoms on the G1 site (H and
O in H,0, point to O and Fe in the surface) of the OAT surface,
and is decomposed to hydroxyl groups and OH' radicals with
large adsorption energies (—1.54 eV, Figure 6¢ and Figure 7 a).

Figure 7. Optimized geometries of H,0, on the FeOCI bilayer with OAT at
the (a) G1 and (b) G2 adsorption sites.

Charge accumulates mostly at the interface between Fe and
OH (Figure S13a in the Supporting Information). Considering
another adsorption site, that of the G2 site (H in H,0, points to
O in the surface), the adsorption energy is just —0.52 eV and
the distance between H in H,0, and O in the surface is 1.95 A
(Figure 7b). There is no charge accumulation at the interface
between Fe and H,O, (Figure S13b). The valence electron
numbers of Fe, O, and H are 6.84, 6.86, and 0.31 in G1, whereas
they are 6.89, 6.99, and 0.39 in G2 (Table 2, Figure 7). The de-
creased valence electron number of the Fe atoms in Figure 7a
compared with Figure 7b implies the transfer of electrons in
Fe atoms to H,0, to form OH" radicals.

Table 2. The valence electron numbers of Fe, O, and H in the bilayer
FeOCl surface.

Fe 0 @]
6.84 6.86 0.31
6.89 6.99 0.39

In fact, after exfoliation, not only the thickness of the nano-
sheets decreases but also the size of the nanosheets decreases
(Figure 1¢, Figure S5b-c). This means that the ratio of the side
surface area in the nanosheets increases. Therefore, we also
calculated the adsorption on the side face to study the effect
on catalysis. Two surface terminations (CI-O and Fe—O termi-
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nation) are considered on the (101) face (Figure S14a-b in the
Supporting Information). The smaller surface energy of Fe—O
termination implies the more stable surface structure
(2088 mJm~2 for CI-0 and 1132 mJm~2 for Fe—O termination).
The adsorption energy of phenol is —0.373 eV, implying realiza-
ble adsorption on the (101) face. Considering the decomposi-
tion of H,0, caused by reaction with Fe atoms,”” the surface O
atoms in the (101) face are not conducive to the reaction. In
addition, the smaller valence electron number of Fe atoms in
the (101) surface (6.70) compared with the (010) crystal face
(6.76, Table 1) indicates lower catalytic activity at the (101) sur-
face. The proportion of the side face area is about 5% in 2L.
Therefore, the increased surface area of the side face can im-
prove the adsorption of phenol, but may have smaller contri-
bution to the decomposition of H,0, than the (010) crystal
face.

To date, the mechanism of heterogeneous Fenton reactions
is still unclear. The H,0, decomposition and the organic com-
pounds degradation mainly occur on the iron oxide surface.””
A generally accepted point for the mechanism of heterogene-
ous Fenton reactions consists of four parts: (1) the oxo-bridged
configuration ([Fe-O-Fe]"),*” (2) the reduction of Fe" (Fe"—
Fe") on the surface,"™ (3) the specific catalytic sites on the sur-
face,*” and (4) the annihilation of OH" radicals and OH™.“*' As
for FeOCl, the Fe atoms on the surface are in an orderly linear
configuration (O-Fe-Cl or Fe-O-Fe). After exfoliation, the
number of surface Fe atoms increases in the FeOCl nanosheets,
which benefits the H,0, decomposition. As a result of smaller
adsorption energies and larger bond length of OH™ in mono-
layer nanosheets (—1.41 eV and 1.79 A, Figure S15) compared
with bilayer sheets, the abundance of OH™ in FeOC| nano-
sheets decreases. Therefore, the annihilation of OH® radicals
and OH™ is inhibited, which decreases the OH" radical con-
sumption. For the nanosheets with OAT, the bond length of
Fe-O decreases to 1.85 A from 1.91 A. In addition, the charge
density of Fe atoms on the surface is delocalized (Figure 5).
The increased delocalization in the nanosheets benefits the re-
duction of Fe" (Fe" —Fe') on the surface and further promotes
the generation of OH' radicals.

Based on the above analysis, the adsorption of phenol on
the FeOCl| surface decreases the transmission distance of OH’
radicals because the degradation mainly occurs on the FeOCl
surface. Then, the degradation of phenol sequentially takes
place in solution, when the OH' radicals diffuse to near the sur-
face. The increased bond length of Fe-O in the monolayer
with OAT indicates a decreased interaction of Fe-O, which pro-
motes the interaction of Fe-H,0,. The large adsorption energy
of H,0, on the FeOCI surface and the reduced valence of Fe"
are both propitious to the generation of OH' radicals.

Conclusion

FeOCl nanosheets were prepared by a liquid-phase exfoliation
method with ultrasonic treatment in acetonitrile. The few-layer
FeOCl nanosheets showed excellent catalytic performance in
phenol degradation compared with plates. Apart from in-
creased surface area after exfoliation, the surface state change
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of the nanosheets also plays a great role in their catalytic prop-
erties. The increased delocalization in the nanosheets and the
reduction of Fe" (Fe"—Fe") in the nanosheets promote the
generation of OH" radicals. The investigation of FeOC| nano-
sheets provides an opportunity to gain significant fundamental
insights into catalytic processes. These results may shed new
light on such catalytic processes and could be extrapolated to
benefit other 2D nanosheets for use as Fenton reagents.

Experimental Section

All of the chemicals were purchased from Sinopharm Chemical Re-
agent Co., Ltd., and were of analytical grade and used without any
further purification.

Exfoliation of FeOCl plates into bilayer nanosheets

We used a solid-phase method to synthesize FeOC| plates.”® Exfoli-
ation of the FeOCl| plates was performed by dispersing the FeOCl
plates (0.05 g) in acetonitrile (5 mL). The suspensions were treated
for 30 min at ambient temperature with 250 W ultrasonication. To
remove any non-exfoliated particles, the suspension was kept with-
out disturbance for 24 h and subjected to 10 min of centrifugation
at 10000 rpm. The supernatant was then centrifuged at 13000 rpm
for 30 min. The final exfoliated nanosheets were obtained and
then dried at 90°C in a vacuum oven for 12 h.

Catalytic activity measurements of FeOCl plates and bilayer
nanosheets

The Fenton catalytic performance of FeOCl nanosheets was tested
by the degradation of phenol with H,O, at pH 7 (initial pH value of
phenol solution) under sunlight and at room temperature. In a typi-
cal experiment, FeOCl nanosheets (10 mg) were added to a phenol
solution (100 mL, 100 mgL™") and stirred for 60 min to reach the
adsorption equilibrium. The reaction was initiated by adding H,O,
aqueous solution (0.1 mL, 30 wt%). During the reaction, aliquots
(5 mL) of the reaction mixture were taken out at certain time inter-
vals (2 min) and centrifuged before measuring the UV/Vis absorp-
tion spectra. In addition, the Fenton reaction using FeOCl plates
with the same weight (10 mg) was carried out as a comparison.
The degradation of phenol was monitored by the changes in the
phenol absorption peak at 270 nm in the UV/Vis spectra. To study
the surface effect after exfoliation, the catalytic activity of the
FeOCl plates with the same surface area compared to the nano-
sheets was also determined.

The production of OH’ radicals on FeOCl plates and bilayer
nanosheets

The formation of OH' radicals on FeOCI plates and nanosheets sur-
face was determined by fluorescence techniques using terephthalic
acid as a trapping agent, which can be reacted with OH" radicals to
produce a highly fluorescent product (2-hydroxyterephthalic
acid).®® The intensity of the fluorescent peak (2-hydroxyterephthal-
ic acid) was known to be proportional to the amount of OH' radi-
cals.”” The concentration of the terephthalic acid solution was 5x
10~*m in a diluted NaOH aqueous solution (2x 1073 m); it has been
proved that the hydroxylation reaction of terephthalic acid pro-
ceeds mainly by OH' radicals under the present experimental con-
ditions.”® FeOC| nanosheets (10.0 mg) were added to terephthalic
acid solution (100 mL) and stirred for 30 min. Then, the reaction
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was initiated by adding H,0, aqueous solution (0.1 mL, 30 wt%).
During the reaction, aliquots (5.0 mL) of the reaction mixture were
taken out at certain time intervals (10 min) and centrifuged before
measuring the fluorescence with a spectrophotometer. A peak at
the wavelength of about 425 nm (2-hydroxyterephthalic acid) by
excitation with the wavelength of 315 nm was achieved. The pro-
duction of OH' radicals on FeOCI plates with the same weight and
surface area compared with the nanosheets was also measured by
using the above method for comparison.

Characterization

The phase structure of the product was identified by using XRD
(scan rate=2°min"; scan step=0.06°) with a Rigaku D/Max 2200-
PC diffractometer with the tube electric voltage and current of
40 kV and 35 mA for Cuy, radiation (1=0.15418 nm) and a graphite
monochromator at ambient temperature. The shape and size of
the samples were characterized by TEM (JEM-100CXIl) with an ac-
celerating voltage of 80 kV. The Fourier transform infrared (FTIR)
spectra were measured with a Nicolet 5DX-FTIR spectrometer by
using the KBr pellet method in the range 400-4000 cm . The Bru-
nauer-Emmett-Teller (BET) surface area (S*") was measured by N,
adsorption at 77 K by using a QuadraSorb S| surface area analyzer.
The scanning electron microscopy (SEM) images were obtained
with a Field Emission-SEM ZEISS system. Qualitative chemical analy-
ses were performed by using energy-dispersive X-ray spectrometry
(EDS) at 15 kV. The UV/Vis absorption spectra were collected with
a UV/Vis spectrophotometer (Lambda-35, PerkinElmer). Atomic
force microscopy (AFM, multimode 8, Bruker) was applied to mea-
sure the thickness of the FeOCl nanosheets. Fluorescence was ana-
lyzed on a Cary Eclipse fluorescence spectrophotometer. X-ray pho-
toelectron spectra (XPS) were acquired on a PerkinElmer PHI-5300
ESCA. The binding energies obtained in the XPS analysis were cor-
rected for specimen charging by referencing C1s to 284.6 eV. The
products of the degradation of phenol were measured by HPLC-
MS (Agilent 6510). The leaching of Fe after reaction was analyzed
by using an ICP-MS (Nu ATTOM).

Theoretical methods and models

To give an insight into the exfoliation process, first-principle calcu-
lations were performed with the Vienna ab initio simulation pack-
age (VASP).*? The exchange-correlation functional was constructed
by the generalized gradient approximation (GGA)®” and ion-elec-
tron interactions were described by the projector-augmented wave
(PAW) potential®’ with the cutoff energy at 500 eV whereas van
der Waals contributions were evaluated with the Grimme-D2 ap-
proach included for surface molecular adsorption.®® The Brillouin
zone was sampled by a I'-centered grid,*® and k-points mesh 10x
5x12 for bulk and 4x4x1 for (010) and (101) surface geometry
optimization calculations were used, respectively. In addition, a 2%
2 supercell was constructed for surface molecular adsorption calcu-
lations. Both the lattice constant and the positions of all atoms
were relaxed until the convergence criteria reached 1x 107 eV for
the total energy and 0.02 eVA ™', respectively.

As shown in Figure S1, a typical crystal structure of FeOCl has a la-
mellar structure. The adjacent layers are bonded in the b-direction
across the chlorine atom planes by van der Waals interactions. Ad-
mittedly, iron-based composites exhibit ferromagnetic properties
because of the non-half or fulfilled 3d electrons.®™ Herein, our cal-
culations also show that the antiferromagnetic structure of FeOCl
is the most stable structure (Table S1). Therefore, all of our calcula-
tions are based on the antiferromagnetic structure. The DFT+U
method was used to calculate the electronic density of states
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(DOS). In the present work, the value of U was set as follows:©*

5.0 eV for the d states of Fe, 4.8 eV for the p states of O, and
7.0 eV for the p states of Cl.

In the cleavage energy calculations, a fracture in the bulk contain-
ing four layers was used, and the vacuum distance between the
two fractures is more than 20 A. The exfoliation procedure is simu-
lated by calculating the total energy under variation of the separa-
tion, d,, between the fractured parts (Figure S2). Considering that
the cleavage energy and interlayer interaction do not strongly
depend on the number of bulk layers,®¥ the exfoliation of a FeOCI
monolayer from bulk using a four-layer slab was simulated (Fig-
ure S2). The cleavage energy calculations were as follows [Eq. (1)]:

Eq = Eq —Eq, (M

where E is the cleavage energy, E, is the total energy of FeOCl
when the interlayer distance is d,, £, is the total energy of FeOCl
when the interlayer distance is d,.

To reveal the optimal adsorption location of H,0,, phenol, and H,0
on the FeOCl nanosheet surface, DFT calculations were also per-
formed to observe the stable geometries according to adsorption
energies [Eq. (2)].

Eads = Eslab+adatoms - Eslab - Eadatoms (2)

where Egqp.a0atoms 1S the energy of FeOCl slab with adsorbed mole-
cule after optimization, E,,, is the energy of the FeOCl slab, and
E,datoms IS the energy of the molecules.

To understand the surface state change, the electron density and
the electronic density of states (DOS) were also calculated. The
Bader electron population was also calculated to study the interac-
tion between the adsorbed molecules and FeOCl surface.
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