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Heterogeneous Photo-Fenton Reaction on Hematite (a-Fe,0s)
{104}, {113} and {001} Surface Facets

J.Y.T.Chan,*"S.Y. Ang,* " E. Y. Ye, ® M. Sullivan®, J. Zhang,” * and M. Lin® *

The exposed surface facets play an important role in determining the catalytic performance of nanostructured materials.
In this study, we report the synthesis of hematite nanoparticles with three varying morphologies with exposure of well-
controlled {104}, {113} and {001} surfaces. The better shape control of hematite particles has provided a direct
correleation between the surface facets and the photocatalytic performance. The catalytic photodegradation of MB using
hematite nanoparticles reveals that the reaction follows heterogeneous photo-Fenton process under visible light
irradiation. The catalytic performance of hematite surface facets follows the order of {113} > {104} > {001}. Density
Function Theory (DFT) calculation were conducted to demonstrate the atomic surface structures and corresponding
charge distribution. The results indicate the catalytic activity depends on surface atom arrangements as well as the
number and the type of surface terminated hydroxyl groups to underlying Fe atoms, where low valence states of Fe on

30 sites are more

{104} and {113} plane has highest probability to be oxidized by H,0, and concurrent generated Fe'
electronegative to accept electrons from activated dye molecules. The findings are of fundamental importance to

understand the surface-dependence of photocatalytic properties, thus shedding new light on the catalytic application of

hematite particles.

Introduction

The physical and chemical properties of nanostructured
catalysts are greatly affected by their size, morphology and
composition. Since the heterogeneously catalytic reaction
always occurs on the surface of crystals, the exposed surface
facets play an important role in determining the catalytic
performance. Therefore, nanostructured materials with
controlled crystallographic orientation may exhibits unique
reactivity, selectivity and stability due to their particular
surface arrangement and active sites. For example, TiO, single
crystals exposed with large percentage of {001} facets show a
higher catalytic activity than {101} planes.1 CeO, {100} surface
is more active than {111} for adsorption of dissociated oxygen
species.2 The photodegradation rate of dye on {111} bounded
AgBr is four times higher than that on {100} enclosed AgBr
particles.3 In addition, facet-controlled nanocrystals offer us an
opportunity to study surface-structure dependent properties
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and deepen understanding on structure-property
relationship, thus establishing groundwork for rational design
of catalysts with better performance.

Hematite (a-Fe,03) is an environmentally friendly
semiconductor material with wide applications as catalysts,

our

adsorbents, batteries and pigments etc.* ™ The commonest
shapes for hematite crystals are rhombohedral, platy and
rounded, where the {102, {104}, {001} and {113} planes
dominate in most hematite crystals.6 Recently, many efforts
have been made to study the catalytic properties of hematite
particles with defined morphologies and surface facets. Due to
different absorption ability of CO and oxygen species on
hematite facets, the catalytic activity to the oxidation of CO
follows the order of {012} > {113} > {001}, while the organic gas
sensing ability follows the order of {113} > {012} > {001}.15 Li et
al. reported that a-Fe,03; nanorods with exposed {110} surface
showed a higher activity for CO oxidation than the other
facets owing to the higher density of Fe atoms on {110}
plane.16 The surface-dependent properties were also widely
investigated by photo degradation of organic molecules on
hematite surfaces.”’?? The visible light induced rhodamine B
degradation over hematite nanoparticles revealed an orders of
{110} > {012} >> {001}."’

To date, systematic studies on the surface-structure
dependent catalytic properties of hematite crystals with
controlled shape and morphology are still lacking, partly due to
the lack of a-Fe,03 nanoparticles with various well-developed
crystal facets in each published studies,l‘r’"19 or owing to the
incomplete analysis and characterization of the surface
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crystallographic orientations in those efforts.>>>® This has

made direct correlation between surfaces and related catalytic
properties difficult. Recently, we have reported the growth
mechanism of rhombohedral and octadecahedral a-Fe,03
nanoparticles in hydrothermal process and revealed the
surface crystallographic orientations using high resolution TEM
images and electron tomography.31' 2 Therefore, facet-
controlled synthesis of hematite nanoparticles and their
surface dependent catalytic properties can be further
investigated based our previous results.

In this study, we report the synthesis of hematite
nanoparticles with three varying morphologies and well-
controlled {104}, {113} and {001} surface facets. The catalytic
performance on the degradation of Methylene Blue (MB) in
aqueous solution under visible light irradiation has been
studied. The better shape control of hematite particles has
provided a direct and clear relationship between surface facets
and photocatalytic performance. Density Function Theory
(DFT) calculation were conducted to demonstrate the atomic
surface structures and corresponding charge distribution. On
the basis of experimental and simulation results, we propose
that the photocatalytic property can be correlated to the
oxidation states of Fe on hematite surface. The findings are of
fundamental importance to understand the surface-
dependence of photocatalytic properties.

Experimental

Synthesis

Three types of polyhedral o-Fe,0; particles have been
synthesised by the facile hydrothermal methods. (1)
Rhombohedral o-Fe,0; nanoparticles were prepared in
ethanol solution. Typically, 2 mmol of ferric chloride

hexahydrate (FeCl;-6H,0) and 4 mL of ammonia hydroxide
(14.0%) were dissolved in 30 mL of absolute ethanol. The
mixture was stirred for 10 min at room temperature and then
transferred into a 50 ml Teflon lined autoclave (Fisher
Scientific). The autoclave was heated at 180 °C for 24 hrs. (2)
Octadecahedral o-Fe,0; nanoparticles with a hexagonal
bipyramid shape were synthesized in an aqueous phase. 1
mmol of FeCl;-6H,0, 0.12 mL of ammonia (14 %) and 1.6 mL of
sodium fluoride (NaF) solution (0.2 M) were mixed in 30 mL of
deionized (DI) water and treated in autoclaves at 180 °C for 24
hrs. (3) Hexagonal nanoplate a-Fe,O; nanoparticles were
fabricated in the mixture of de-ionized (DI) water and ethanol
(1:30) solution. 2 mmol of FeCl;-6H,0 and 2.0 g of sodium
acetate were dissolved in 30 mL water-ethanol mixtures and
hydrolysed in autoclaves at 180 °C for 12 hours. After
hydrothermal reaction, the precipitate was collected by
centrifuge and washed with ethanol and DI water respectively.
The final a-Fe,0; powders were obtained by drying in vacuum
oven overnight and being calcined at 400 °C for 5 hours in air.

Characterization

The shape and structural analysis of the obtained a-Fe,03
nanoparticles were performed on a JEOL-7600F Scanning

2| J. Name., 2012, 00, 1-3

Electron  Microscope (SEM), an FElI Titan 80/300
Scanning/Transmission Electron Microscope (TEM) (200 kV)
and an X-ray diffractometer with Cu Koy radiation (Bruker
GADDS, A=1.5406 A). The surface species and iron oxidation
states were measured by the X-ray Photoelectron
Spectroscopy (XPS) (ESCALAB 2201-XL, THERMO ELECTRON,
VG Company). UV-Vis spectrometry was carried out with a
Shimadzu UV-1800 UV-VIS spectrophotometer. The Brunauer-
Emmett-Teller (BET) specific surface area was measured by a
Micrometrics ASAP with a Physisorption Analyser.

Photo-Fenton catalytic Evaluation

The catalytic activity of a-Fe,03; nanoparticles were evaluated
by degradation of Methylene Blue (MB) in aqueous solution
under illumination. 3 mg of a-Fe,0; catalyst was dispersed
with 7.5 mL of MB (50 mg/L) in a 20 mL vial. The suspension
was magnetically stirred in darkness for 1 hour to reach an
adsorption-desorption equilibrium, followed by addition of 7.5
mL of hydrogen peroxide solution (H,0,, 35%) in the mixture.
The suspension was illuminated by a 500-W Philips Halolite
lamp. No cut-off filter was used during the degradation
reaction. However, the glass flask has an absorbance at UV
light region (< 350 nm measured by UV-Vis spectrum), thus
blocking some light to the solution. The light intensity was
then measured around 35 mW/cm2 after glass conical flask.
Every 30 minutes, the illumination was blocked by a box and a
3 mL of aliquot was extracted, centrifuged and analysed by UV-
Vis spectrometer. The aliquot was sonicated and re-mixed with
stock solution. The concentration of MB was determined by
measuring the maximum absorbance intensity at 664 nm. A
linear relationship was obtained for concentration of MB and
absorption of the solution (Figure S1 in supplementary
information). The comparison samples were conducted
parallel without light irradiation by covering the vial with 2
layers of aluminium foil.

Computational Details

DFT calculations were performed using the Vienna Ab Initio
Simulation Package (VASP)33' **in which a plane-wave basis set
is used. The electron-ion interaction was modelled by the
projector-augmented wave (PAW) method.®> * The spin-
polarized GGA (generalized-gradient approximation) scheme
with the Perdew-Burke-Enzerhoff (PBE) form was used for the
exchange and correlation functional.”” The plane-wave cutoff
energy was set to 400 eV. The rotationally invariant DFT+U
method was applied to treat the on-site coulomb interaction
of d electrons in Fe ions.*® Here, the effective U-J value was set
to 4.3 eV, which has been validated in literatures to study bulk
and surfaces of hematite.**™*

a-Fe,03; is antiferromagnetic with parallel magnetic
moments within the Fe-Fe bilayer and antiparallel to the
neighbouring bilayer.43 We fully optimized the bulk structure,
leading to the lattice constant of a = 5.03 A and ¢ = 13.72 A,
which are in good agreement of the experimental values of a =
5.0356 A and ¢ = 13.7489 A (JCPDS No. 33-664).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1. XRD patterns of the nanoparticles with different shapes: (a)
Rhombohedron; (b) Hexagonal Bipyramid; (c) Hexagonal Nanoplate. The bottom
lines indicate the position of the standard peaks of hematite a-Fe,0; with a
rhombohedral structure (JCPDS 33-664).

Results

Figure 1 shows the XRD patterns of annealed a-Fe,03; samples
with three different morphologies. All the particles,
synthesized with different methods, can be assigned to a
rhombohedral phase (hematite a-Fe,03;, JCPDS No. 33-664)
without the presence of any other crystalline impurities or
intermediates. The strong and sharp diffraction peaks indicates
a good crystallinity of the synthesised nanoparticles. (104)
peak becomes weaker and broader from Figure 1a to Figure 1c
while (110) peak maintaining its height, indicating morphology
transforms from the better crystal development in the ¢
direction to that in a direction.”*

SEM images in Figure 2 display the typical morphology of
a-Fe,03 particles prepared by three hydrothermal synthesis
routes. The preferential adsorption of anions on the surface
could alter the surface energies and restrict crystal growth in
certain directions, thereby promoting the growth of crystal
into certain morphologies. In this paper, the synthesis of a-
Fe,0; nanoparticles with defined crystal facets was achieved
by facile one-step hydrothermal/solvothermal reactions
through fine-tuning of the solution medium or addition of

COMMUNICATION

32, 44
In real

foreign anions (fluorine or acetate).31’
hydrothermal/solvothermal reactions, the shape formation is
finally realized by the dynamic process, such as oriented
attachment and Oswald ripening processes (dissolution-
reprecipitation).31’ 32, 45,46

Thus in ethanol medium, the forced hydrolysis of Fe*
resulted in the formation of hematite particles with a
rhombohedral shape, enclosed by six {104} planes, as shown in
Figure 2a and our previous study.31 The adjustment on the
ratio between ethanol and water provided a delicate balance
on the dissolution and precipitation of Fe* on crystals during
solvothermal reaction, where the limited solubility and
diffusion rate in ethanol reduced the etching of as-grown
crystals and gave rise to the formation of particles with sharp
surfaces and edges. In comparison to the shape of original a-
Fe,0; nanoparticles obtained immediately after hydrothermal
reaction, the calcination at 400 °C for 5 hours resulted in the
formation of rhombohedral a-Fe,O; nanoparticles with slight
rounding at corners. However, the major exposed surface is
still {104} plane, with the total specific surface area measured
at 6.8 mz/g.

With addition of F in water, hematite a-Fe,O3
nanoparticles crystallized in a hexagonal bipyramid shape,
which was an octadecahedron enclosed by twelve {113} side
surfaces and six {104} top sur‘faces,32 as shown in Figure 2b.
The area of {104} surface occupies ~5% of total surface area.
The specific surface area of hexagonal bipyramid particles after
calcination is 4.6 mz/g.

The adsorption of acetate anions on hematite surface led
to the formation of a-Fe,0; nanoparticles with a hexagonal
plate shape. The synthesis procedure followed the method in
literature elsewhere,44 where the nanoplate particles have
been reported to be enclosed by two large symmetric {001}
planes and six {102} side surfaces. However, hematite has a
rhombohedral crystal structure (space group R3C ), where
{102} family planes only have 3-fold symmetry. To get insight
into the shape and structure of nanoplate products, the
obtained a-Fe,03 nanoplates (Figure 2c) were further analyzed
by diffraction patterns and high-resolution TEM (HRTEM)
images. It should be noted that the lattice fringes observed in
high resolution TEM images usually cannot be assigned to the
surface facets except the exposed surfaces are parallel to the

Fig. 2. SEM images of a-Fe203 nanoparticles after 400 °C calcination: (a) rhombohedron; (b) hexagonal Bipyramid; (c) hexagonal Nanoplate. Inset shows the schematic

diagram of the corresponding particles. Red: {104}; blue: {113}; yellow: {001}.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3. Structural analysis of a-Fe,O; hexagonal nanoplate particles: (a) Low
magnification TEM image; (b, c) HRTEM image and corresponding FFT showing the
top-view of the nanoplate; (d) side-view of the plate particles showing the {113}
surfaces; (e, f) schematic diagram of nanoplate from top and side view.

31,32
electron beam.

Figure 3a shows a low magnification TEM image of a-Fe,03
hexagonal nanoplate nanoparticles, with an average width of
~140 nm and thickness between 7 to 9 nm. The vertically
aligned particles reveal wedge-shaped edges. When the a-
Fe,0; nanoplate is tilted along [001] zone axis (Figure 3b and
3c¢), it lies flat on TEM supporting membrane and intensity of
six side edges appears lower than the center part due to a
thinner edge (highlighted by the white arrow). A fast Fourier
transformed (FFT) image from the high resolution image
demonstrates a single crystalline structure of a-Fe,03
nanoplate without the presence of twins or stacking faults. The
lattice spacing measured in HRTEM image is 0.25 nm,
corresponding to the distance between {110} planes.
Therefore, (120), (210), (110) planes are parallel to the edge of
plates, and the edges are along [210], [120] and [1-10]
directions. Hence, the exposed edge facets are expected to be
visualized along [1-10] direction in TEM. Figure 3d shows the
side view of a nanoplate particle orientated along [1-10]
direction, the exposed two basal plane could be indexed to
(001), (001) planes and two side surfaces are (113) and (113)
planes. The perfectly resolved lattice spacing of 0.25 nm

4| J. Name., 2012, 00, 1-3
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Fig. 4. Fe 2p and O 1s XPS spectra of a-Fe203 nanoparticles with (a) rhombohedral,
(b) hexagonal bipyramid, and (c) hexagonal nanoplate shapes.

corresponds to the distance between hematite (110) planes,
which is parallel to the edge of plates and in agreement with
the plane-view analysis in Figure 3c. Therefore, the a-Fe,0;
hexagonal nanoplate is enclosed by two {001} basal planes and
twelve {113} side planes, with {113} surface facets occupying
~5 % of total surface area based on a simple estimation from
the average diameter and thickness of the nanoplates. Total
surface area measured by BET is 15.4 mz/g. The schematic
drawings of a-Fe,0; shapes and plane indices are shown in
Figure 3e and 3f.

On the basis of above analysis and our published results, it
is interesting to note that the dominantly exposed facets for
hydrothermal synthesized a-Fe,0; nanoparticles are {104},
{113} and {001} planes. The rhombohedral, hexagonal
bipyramid and hexagonal nanoplate nanoparticles can be
unambiguously assigned to a single crystal structure with
dominantly exposed {104}, {113} and {001} planes respectively.
The crystal development evolves from c¢ direction to a
direction, in good agreement with result from XRD analysis.
The hydrothermal reaction conditions change the proportion
between these planes, resulting in the formation of hematite
a-Fe,0; particles with distinctive shapes. The schematic
diagrams of a-Fe,0; particles are shown in inset in Figure 2
respectively.

The surface iron oxidation states and the surface species
on various facets were revealed by XPS. As shown in Figure 4,
no obvious difference has been observed from Fe 2p and O 1s
peak on three a-Fe,0; samples. The Fe 2p3/2 and 2p1/2 is
located at 710.8 eV and 724.3 eV respectively, in agreement

This journal is © The Royal Society of Chemistry 20xx
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with the reported values for Fe** 7 ¥ The 0 15 peak at 530.0

eV can be assigned to lattice o* binding to Fe. A weak peak
located at 532 eV is attributed to adsorbed OH or chemisorbed
oxygen.15 Figure S4 in supplementary
demonstrates the F 1s peak for hexagonal bipyramid particles
after different washing periods. It is clearly shown that almost
all fluorine ions can be removed from the surface of hexagonal
bipyramid o-Fe,0; particles after three repeated washing
procedures. The adsorbed water, which was indicated by the
peak around 533 eV in O 1s spectra in Figure S5, can be
removed by calcination process.18 It is also shown that chlorine
ions can be totally removed by washing process, as no chlorine
being observed in XPS results (Figure S5). Therefore, the
analyses from XPS suggest that clean surfaces are obtained
after washing and calcination process for three faceted
hematite particles.

A UV-Vis spectrometer was utilized to determine the
absorbance peak of the nanoparticles, which was then used to
calculate the band gap of hematite nanoparticles using Tauc
relation. The Tauc relation was given as (ahv)" = A, (hv — Eg),
whereby a is the absorption coefficient (cm'l), hv is the photon
energy (eV), E; is the optical band gap (eV) and n is the optical
transition value. A direct band gap will have an optical
transition value of n = 2 while an indirect band gap will have an
optical transition value of n = 0.5. The indirect band gaps of
rhombohedral, hexagonal bipyramid, and hexagonal nanoplate
a—Fe,0; were 2.29 eV, 2.25 eV, and 2.20 eV respectively
(Figure S7 in supplementary information). Studies have shown
that hematite has an indirect (phonon-assisted) band gap
transition of 1.9 eV to 2.3 eV,4‘ 47 coinciding with the band gaps
of our synthesized a—Fe,03 nanoparticles. The slight difference
in bandgap measurement could be caused by the
morphological effects, where the light scattering and
absorption coefficient are influenced by the shape of the
particles and crystallographic orientation.” The
characterization results for three kinds of o—Fe,0;
nanoparticles are listed in Table 1.

Faceted-controlled a—Fe,03 nanocrystals are the optimum
candidate to study surface-structure dependent properties

information

Table 1. Properties of a—Fe,0; nanoparticles prepared by
various routes.

. Surface Bandg
size Surface
Structure area ap
(nm) Facets R
(m7/g)  (eV)
Rhombohe 256.1+ 6.79+
{104} 2.29
dron 36.0 0.06
Hexagonal rhomboh 365.2+ ~5% {104} 4.63+ 295
Bipyramid  edral 84.9  ~95%{113}  0.02 '
Hexagonal 136.8+ ~5% {113} 15.45+ 220
Nanoplate 17.8 ~95% {001}  0.02 ’

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5. Degradation of Methylene Blue (MB) (50mg/L) over rhombohedral o—
Fe,03 particles under different reaction conditions. C is the absorbance after
visible-light irradiation and C, is the initial concentration.

and deepen understanding on structure-property
relationship. To evaluate the surface effect on catalytic
property of oa—-Fe,0;3 nanocrystals, the photo-assisted
degradation of Methylene Blue (MB) was conducted as a
model reaction in this study. Figure 5 shows the degradation
efficiency of Methylene Blue (MB) under different reaction
conditions over o—Fe,03; nanocrystals with a rhombohedral
shape. An enlarged figure was demonstrated in the
supplementary information to provide a better view of some
degradation conditions. The concentration of MB is linearly
proportional to the absorption of the solution. Thus, we can
obtain the concentration during the catalytic degradation
processes by reading the absorption of each solution.

The results suggest that the MB is stable in water under
visible light irradiation. However, 15% MB can be decomposed
after 180 min with the addition of H,0, in the water, probably
caused by the active hydroxyl radicals (OH") released from the
autogenously decomposition of H,0,. The degradation rate of
MB will be accelerated after mixing the rhombohedral a—Fe,03
catalysts with H,0, solution. For comparison, the degradation
of MB with hematite catalysts and H,O, does not occur in the
dark. This means that H,0, and light are required for the
degradation of MB on hematite catalysts, and this process
could follow heterogeneous photo Fenton reaction’’” with a
redox cycle between Fe’" and Fe*" on catalyst surface. The
heterogeneous photo Fenton reaction is an advanced
oxidation process that produces active OH" radicals from Fe®"
and H,0,, which is proposed as follows:*” 4 %

MB + hv > MB* (1)
MB* + Fe**/hematite - dye* + Fe”*/ hematite (2)

Fe’'/ hematite + H,0, > OH" + Fe**/ hematite + OH™ (3)

MB + OH" - degradation products (4)

The generation of Fe’" on hematite crystal is the key step
for the production of active OH" radicals in this experiment.
The comparison experiments, as shown in Figure 5 and Figure
S9, suggested that the other possible reaction pathways for
OH® radical generation can be excluded in this
photodegradation process. Firstly, the generation of OH’
radicals from direct light excitation of a—Fe,0; catalysts can be

our
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Figure 6. Photo-catalytic degradation of Methylene Blue (MB) over a—Fe,0;
particles with different facets in the presence of H,0,

ignored. Hematite is a semiconductor material with a bandgap
of 2.2 eV. The electron-hole pairs can be formed upon
excitation from visible light irradiation. Theoretically, the
photo generated holes could accept an electron from water
and yield OH" radicals. However, this process does not occur in
our photodegradation reaction. As shown in Figure 5,
negligible degradation of MB is observed with simple
illumination of hematite catalyst and water, mainly due to very
low hole mobilities (10"2 cmZV'IS'l) and very high electron-hole
recombination rates (on the order of 10 ps) in hematite.” °*°2
The accumulation of photogenerated holes near the surface
and high charge recombination rate lead to a poor water
oxidation efficiency for Fe,03 catalysts. Hence, the following
reaction pathway to produce hydroxyl radicals is inefficient
and could be excluded in the degradation of MB with a—Fe,03
nanoparticles:
Fe,0; + hv > Fe,05(e +h*)  (5)
h"+H,0 > HO +H" (6)

Secondly, since the degradation reaction was conducted in
a neutral solution, the low solubility of hematite (k=3><10'42 in
low ionic solution at 25 °C)4 leads to a low dissolution of iron
from the hematite particles and produces limited dissolved
aqueous Fe2+/Fe3+ jons in solution. Thus, classical
homogeneous Fenton reaction, usually conducted with Fe?* /
Fe* aqueous ions and in a narrow pH range of 2~4, is excluded
in this reaction. This suggests that the dye degradation and
Fe®* / Fe** conversion with H,0, mainly occur on the surface of
hematite crystals rather than in solution.

It has been proposed that the Fe®* can also be produced by
the reduction of Fe** on catalyst surface with H202.49 However,
no degradation of dye was observed with assistance of H,0, in
dark without light irradiation. Thus, the following route for
generation of Fe’'is negligible in the reaction.*

Fe**/Fe,0; + H,0, > Fe’*/Fe,0; + HO," + H'(7)

Therefore, the heterogeneous Photo-Fenton reaction is the
major path for the MB degradation. Figure 6 presents typical
degradation of MB concentration on oa—Fe,0O3; nanoparticles
with different surface facets. It was found that the degradation
rate was dependent on the room temperature, distance from

6| J. Name., 2012, 00, 1-3

the lamp, and the concentration of catalysts etc. In principle,
the amount of catalyst will not affect the catalytic rate.
However, the concentration of catalyst and MB determined
the transmission of the light through the solution, the higher
concentration, the lower light transmission. The light
absorption by MB molecules significantly affected the
activation of the MB. The low concentration of catalyst and
low concentration of MB solution showed a higher catalytic
degradation rate. Therefore, the same reaction conditions
were applied during reaction and the results were averaged
from different batches of experiments, which were listed in
Table 2. The degradation rate and standard deviation for
different catalysts are normalized by specific surface areas.
Hexagonal bipyramid a—Fe,0; nanoparticles with major
exposed {113} facets exhibit the highest activity to the photo
degradation to the MB, followed by rhombohedral {104}
surfaces, and hexagonal nanoplate {001} planes. The order of
plane activity was repeated with another two degradation
conditions (Fig S10 and S11 in the supplementary information).
This result is also in agreement with literature results({110} >
{012} >> {001}),17 if we correct some wrongly assigned
crystallographic surfaces ({113}>{104}22' {104}>{001})23 in other
literatures.

According to the surface and structural analysis by XPS, all
of the surfaces are clean without any adsorption of foreign
anions after proper washing procedures and calcine
treatment. In addition, the differences in bandgap are also
trivial, which is not enough to interpret the observed changes
in the catalytic efficiency of MB on different faceted a—Fe,0;
nanoparticles. To provide insight into the origin of the surface
catalytic activity, which critically depends on the surface
topography, atom arrangements as well as the density and
oxidation states of Fe atoms, DFT calculations were performed
to simulate the a-Fe, 03 bulk and surfaces.

Table 2. Photo degradation rate and normalized rate constants of a—
Fe,03 particles with standard deviations.

K(10®min~  Normalized K (10™

h /m*min)

Rhombohedron
2.2+1.5 3.2+2.2

{104}
Bipyramid {113} 1.7£1.2 3.7+2.6
Plate {001} 0.8+0.7 1.7£2.6
Discussion

Hematite bulk has a rhombohedral structure with hexagonal
closed-packed arrays of o* along the [001] direction.” One Fe

This journal is © The Royal Society of Chemistry 20xx
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-

Figure 7. Side views of optimized a-Fe,0; surfaces: (a) (104), where top-layer Fe
atoms are in two groups highlighted by yellow and green colour; (b) (001), where
top-layer Fe atoms are in green; and (c) (113), where top-layer Fe atoms are in
four groups highlighted by yellow, blue, pink and green, respectively. (d)
Schematic drawing of singly, doubly and triply terminating OH groups. Here, O is
in red, H is in white and other colours represent Fe atoms.

atom bonds to six O, and each O atom is shared by four Fe, so
the stoichiometry of hematite is Fe,03 and each Fe-O bond has
a charge of +1/2 theoretically.4 We calculated bader charge553
for Fe and O in hematite bulk and found that ionic charges are
+1.76 for Fe and -1.18 for O, which are consistent with the
values of +1.8 (Fe) and -1.2 (O) reported by Liao and co-
workers.*”” The scale factor of bader charge to stoichiometric
charge (Fe: +3 and O: -2) is 0.59. Based on the bulk structure,
we further built a-Fe,03(001), (104) and (113) surfaces to
study atom arrangement and ionic charges.

a-Fe,03(001), (104) and (113) surfaces were simulated by a
slab supercell approach with periodic boundaries. Exposure of
calcined hematite particles to aqueous solution leads to the
formation of surface hydroxyl groups.54’ > The very recent
theoretical work indicated that hydroxylated Fe,O; (001)
surface is more stable than the corresponding O-terminated
slab.*? Thus, fully hydroxylated Fe,0; surface models were

This journal is © The Royal Society of Chemistry 20xx
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considered in this work, where we built symmetric O-
terminated Fe,Os; slab first, and then the H surface adsorption
leads to terminating hydroxyl group. As shown in Figure 7, the
O-terminated (001) surface is made up of four Fe bilayers and
five O layers, (104) surface slab contains four Fe-O double
layers, and the stepped (113) surface has four layers of Fe and
O atoms. The thickness of considered slabs is ~ 9.2 A for the
(001) surface, 12.4 A for the (104) surface, and 13.2 A for the
(113) surface, respectively. All atoms were allowed to be
relaxed and a vacuum region of 12 A was used, which is large
enough to avoid interactions with imaging slabs.

Examination of surface hydroxyls reveals three types of
terminating OH groups, bonding to one, two or three
underlying Fe atoms.? For the ease of reference, we denoted
these singly, doubly and triply coordinated OH groups as OH(l),
OH(Il) and OH(lII), as shown in Figure 7d. Assuming a charge of
-1 is assigned to OH group and O has a higher electronegative
than Fe, each Fe-O bond carries theoretically a charge of +1,
+1/2 and +1/3 for OH(l), OH(Il) and OH(lll) respectively. Our
simulation results agree well with this hypothesis. As shown in
Figure 7a, circled O atoms gain 0.97e (OH(l)), 0.50e (OH(ll)) and
0.31e (OH(ll)) from each bonding Fe atom (after modifications
by the scale factor of 0.59). Thus, the Fe coordinated to
OH(l)/OH(Ill) probably has a higher/lower oxidation state
compared to the normal one in hematite bulk crystal. We
noticed that surface Fe atoms are coordinated to different
types and numbers of OH groups depending on the exposed
crystal faces. Thus, the variation in the surrounding
environment is most likely to affect electron-
accepting/donating capacity of Fe atoms in the redox cycle.

In Figure 7b, both of the two surface Fe atoms on hematite
(001) surface are coordinated to three OH(Il), thus it shows
bulk-like electronic structure, and the bader charge is +1.76 for
which are less positive than the value on surface (001). The
stepped a-Fe,0; (113) surface is more complex. In Figure

Table 3. Bader charges (Fe), surface Fe density and surface
hydroxyl density on various a-Fe,0; surfaces.

o- Bader Charge corrected Hydroxyl density Surface Fe

Fe,05 charge (per nm?) density
OH(I):OH(II) :  (per nm?)
OH(III)
bulk +1.76 +3
(001) +1.76 +3 0:13.7:0 9.1
104) +1.54,+1.72  +2.61,+2.92 54:54:54 10.7
113) +1.47,+1.42  +2.49,+2.41 4.4:44:88 8.8
+1.69,+1.77  +2.86, +3

*Bader charge is value of surface Fe cations with the same
bonding environment (as indicated in Figure 7). corrected
charge = bader charge/0.59 (0.59 is the scale factor, which is
obtained by a ratio between simulated bader charge in Fe,03
bulk and stoichiometric charge in real (Fe: +3 and O: -2).
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7c, there are four different types of Fe cations on the terrace
and Fe, -1.21 for O in OH groups and +0.63 for H. However, on
(104) surface, surface Fe atoms are terminated by OH(l),
OH(Il) and OH(II) with the ratio of 1:1:1( the density is 5.4: 5.4:
5.4/nm2). As shown in Figure 7a, Fe cations in yellow and those
in green have a bader charge of +1.54 and +1.72 respectively,
step edge, which are coordinated to different numbers of
OH(l), OH(ll) and OH (lll). Here, the relative density of OH(l),
OH(Il) and OH(lll) is 4.4 : 4.4 : 8.8 per nm?. There are more
OH(Il) on surface (113) than those on surface (104) (5.4/nm2).
According to DFT calculations, the four types of Fe cations on
surface (113) (yellow, blue, pink. green in Figure 7c) lose 1.47e,
1.69e, 1.42e, and 1.77e, respectively. It should be noted that
this delicate difference on oxidation states of surface Fe
cannot be observed by XPS, which wusually gives the
accumulated electronic information from Fe atoms located
from the surface to 5 nm deep subsurface.

Since the atomic density of Fe on three facets is similar to
each other (Table 2), the difference in heterogenetic catalytic
Fenton reaction may be caused by the surface charge statues.
The density of Fe ions with 3+ valence state on (001) surface is
higher than that on the other two planes, while the
photocatalytic activity is lower than that of (113) and (104)
facet. This suggests Fe ions with lower oxidation states on the
surface may be more active than Fe*". In classical Fenton
reaction, the charge transfer from Fe’" to H,0, occurs faster
than the reduction of Fe** to Fe*".*® Our simulation results
indicate that the increasing order of the oxidation state for
surface Fe follows (113) < (104) < (001), where Fe cations on
(113) and (104) showing an oxidation state between 2+ and 3+.
Hence, it implies that electron-rich Fe cations on surface (113)
and (104) can easily initiate an electron transfer to H,O, for
the generation of OH radicals. The concurrently generated
Fe®** (0<x<1) ions is more positive than the normal (Fe**). The
more positive the charge is, the more likely the cation is
reduced. That means the oxidized Fe®"* ions are relatively
easier to accept electron donation from photo activated MB
molecules to produce the key Fe*™* jons. Thus, compared to
surface (001), surface (104) and (113) facilitate the Fe?*/Fe*"
redox cycle, which leads to the higher catalytic activity for
photo Fenton degradation of MB with H,0,.

Our calculations put into perspective a recent elegant
experiment on spontaneous oxygen evolution reaction, which
demonstrated that {001} face is the most electropositive and
the {113} is the most electronegative.ss' > We suggest an easy
electron transfer from more electronegative {113} facets to
H,0, resulting in the high catalytic performance in the photo
Fenton reaction.

Conclusions

In conclusion, three faceted a—Fe,0O; nanoparticles enclosed
by different crystal planes have been successfully synthesised
by hydrothermal reactions. The rhombohedral, hexagonal
bipyramid and hexagonal nanoplate nanoparticles can be
unambiguously assigned to a single crystal structure with
major exposed {104}, {113} and {001} planes respectively. The

8| J. Name., 2012, 00, 1-3

catalytic  photodegradation of MB using hematite
nanoparticles reveals that the reaction follows heterogeneous
photo Fenton process under visible light irradiation. The
catalytic performance of hematite surface facets follows the
order of {113} > {104} > {001}. The results clearly indicate the
catalytic activity strongly depends on surface atom
arrangements as well as the number and the type of surface
terminated hydroxyl groups to underlying Fe atoms, where
{113} plane has highest probability to be oxidized by H,0, and
concurrent generated Fe®** site is more electronegative to
accept electrons from activated dye molecules. Triply
coordinated Fe atoms could be the most active sites for photo
Fenton reactions.

In the present study, improve our
understanding on the relationship between surface structures
and catalytic properties. However, only ideal surfaces are
considered without evaluating the influence of the surface
reconstruction, defects, impurities and adsorption of OH and
H'. Future work is required on the more delicate
characterization of surfaces and simulation of more realistic

we intended to

surfaces under different reaction conditions.
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