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Abstract

High dense 2D nanostructures are desirable in photocatalyst, water treatment and energy storage,
due to their high surface to volume areas. This paper describes a novel approach combining
thermal stress and magnetic force to generate highly dense a-Fe,O3; nanosheets on the surface of
various iron substrates, including plates and powders. This technique involves the thermal
oxidation of iron substrates on the hot plate with magnetic field. The Lorentz force acting on the
ions induced by magnetic field facilitates the lateral growth of nanosheet. This effect results in a
highly porous nanostructure consisting of dense 2D nanosheets with extremely large BET
surface area. The application of these nanosheets is explored in water treatment. Electron
microscopic studies indicate that these nanosheets show a parabolic relation with time of thermal
oxidation for the growth at width direction. A comparison of heavy metal (As, Cr)' ion
adsorption of nanosheets and nanowires was also investigated, which shows that nanosheets have

a much better adsorption rate than nanowires.
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Hematite (a-Fe,05), n-type semiconductor with a small band gap of 2.1 eV, has been extensively studied
due to the advantage of high theoretical capacity (1007 mAh g), environmentally friendliness, nontoxic
(in bulk form), corrosion-resistance and low cost™*. It has been widely applied in the production of gas
sensors’, photocatalysts’, water treatment’, magnetic coating for data storage devices’ and lithium-ion
batteries’. Stimulated by the promising application of a-Fe,O; and the novel properties of nanoscale

2,4, 8-14

materials , varies methods such as electrodeposition'’, hydrothermal synthesis'®, sol-gel-mediated

%618 chemical vapor deposition (CVD)",

reactions®, solvothermal synthesis'’, direct thermal oxidation
plasma oxidation®® and plasma-enhanced chemical vapor deposition (PECVD)*' have been developed to
fabricate iron oxide nanostructures. In all of these methods, thermal oxidation of metals holds the
advantage for commercial application since it is one of the simplest and most scalable approaches™ *.
Large scale of nanowires” >, nanoflakes™, nanorod® were synthesized by thermal oxidation in different
circumstances. The nanowires has been generated by thermal oxidation of pure iron in ambient
conditions™. However, these nanostructures have relatively low area to volume ratio due to the lack of
controlled growth in lateral direction. Herein, we report the synthesis of a-Fe,O; nanosheets by thermal
oxidation under magnetic field. With applied magnetic field, nanosheets other than nanowires are formed

on the iron plate or powder surface. These highly dense nanosheets arrays will be applied to water

treatment to test their functionality to reduce heavy metal ions from water.

During the thermal oxidation under magnetic field, the commercial iron plates and powders were heated
in the ambient air. The size of iron plates was cut by lecm X1 c¢cm. These samples were mechanical
polished by 0.05-pm-grade aluminum oxide powder >2*. Two different sizes, micron-sized (average size

from 4 to 6um) and nano-sized (from 20 to 100 nm), of iron particles were used. The hot plate with
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magnetic stir function was used as heat source. The magnetic force, which acted on iron ions by magnetic
field of hot plate (Max magnetic field: 60mT), was applied on iron powders and plate during heating. The
temperature of the hot plate was set to 500°C to study the effect of time and magnetic field on nanosheets
generation. In order to study the magnetic field effects, the width of nanosheets was measured by time
evolution. Iron plates and powders were also heated to 500°C in the ambient air without magnetic field to

compare with the nanostructures generated with magnetic field.

The mechanism of nanosheet formation is schematically shown in Figure 1. During thermal oxidation,
different oxidation layers — FeO, Fe;04 and Fe,Os from bottom to top— were generated subsequently on
iron plate. Compressive thermal stress, which is accumulated by the atomic volume difference between
Fe;04and Fe,O; layer, is considered to be the driving force for generating iron oxide nanostructures’. Iron
ions were driven to the sample surface through grain boundaries in Fe,O; oxidation layer and then move
up to the iron oxide nanostructures. As shown in Figure 1(a), the magnetic field is perpendicular to the ion
movement direction, which generates Lorentz force on the iron ions. The Lorentz force is on the nuclei
plate and also perpendicular to the ion movement driven by thermal stress. As time increase,

nanostructures grow on both directions resulting the generation of iron oxide nanosheet.
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Figure 1. Schematic illustration of a-Fe,O; nanosheet growth under magnetic field: (a) initiation of

nanosheet, and (b) growth of nanosheet after several hours.

Figure 2(a) shows large scale and high density of nanosheet growth on the iron plate due to the magnetic

field. High density of iron oxide nanosheets were generated by controlling experimental conditions. The

iron plate was placed on the middle of the hot plate. It was heated at 500°C in the ambient air for 14 hours.

The nanosheets show a triangular shape, which is wider at the bottom part. The wider bottom parts of
nanosheet are affected by Lorentz force. These nanosheets are wider than iron oxide nanowires generated
by thermal oxidation method> > . The a-Fe,0; nanosheets and topmost two oxide layers are shown in
Figure 2(b). The Fe,O; and Fe;0,4 layers can be distinguished by discontinuities in grain size and
confirmed by EDS study through investigating oxide and iron atomic ratio. The grain size in Fe;O4layer
is flat and large, compared with Fe,O; layer. Based on the study of Sheikh-Ali et al ¥ the grain boundary
orientation also migrated by annealing in magnetic field. The grain boundaries were reoriented to parallel
to samples surface. Dmitri et al.** investigated the grain size enlarged by annealing Titanium under
magnetic field. After annealing at 1023 K for 240 min under 17T of magnetic field, the mean grain size

increased to 139 pum from 39 pm. These two phenomena are both helpful for accumulating thermal stress.
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The nanosheet after the processing and its cross section are studied by TEM in Figure 2(c) and (d),
respectively. The diffraction pattern (insert of Figure 2(c)) shows that the nanosheet is single crystal,
which agrees with former iron oxide nanostructures grown by thermal oxidation method. The thickness of
nanosheet in Figure 2(d) is less than 20 nm. The Raman spectrum of nanosheets after thermal oxidation is
shown in Figure 2(f). The strong resonant Raman peaks (at 227, 245, 293, 411, 496, 613, 1318 cm™) in
the range of 150-1500 cm™ are in good agreement of a-Fe,O; (a = 5.038A, ¢ = 13.772A)*'. Downshift
of the resonant peaks was observed from resonant peaks and it may be due to quantum size effect *. A
weak peak of Fe;O,4 at 661 cm’ was also sometimes detected in the surface, which is agree with the

former results®*. This signal may come from the oxide layer of sample surface.
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Figure 2. Nanosheet generation at 500°C in air for 14 hours under magnetic field, (a) surface morphology
and (b) cross sectional view of oxidized layers, (¢) TEM image of nanosheet, (d) side view of nanosheet,

and (e) Raman spectrum of nanosheets before and after water treatment.
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The growth of a-Fe,O; nanosheets under magnetic field was further investigated by heating for different
time at 500°C. For a-Fe,O; nanowire generated by thermal oxidation, the growth of a-Fe,O; nanowire is

via diffusion of iron ions from iron oxide layers through stacking fault defects in <110> direction®***. The

Fe,05 oxide layer is topmost and Fe;O4, FeO layers are formed subsequently when heating at elevated
temperature™’. They served as the reactants for the inter ion diffusion at high temperature'’. Compressive
force accumulated during heating was considered to be the driving force for the iron ion outward to form
nanowire’. Enough time and temperature are needed to accumulate compressive thermal stresses. The
temperature range for generating iron oxide nanowires is between 300°C and 900°C°. It needs to be above
300°C since the rate of stress generation by solid-state phase transformation should sufficient to activate
grain boundary diffusion for oxide nanowire growth’. When above 900°C’, lattice diffusion becomes
more favorable than grain boundary diffusion. The time evolution of nanosheet growth under magnetic
field is shown in Figure 3°* for 2, 6, 14 and 24 hours, respectively. Figure 3a shows the initial growth
morphology of a-Fe,O; nanosheets. Maximum density of nanosheets was formed on substrate surface
after 6 hours of heating. The nanosheet density does not increase after 6 hours. These nanosheets only

grow along width and thickness directions.

1/2

Yuan et al.” found the oxide layer growth following the parabolic growth law, i.e., x = (2kt)"*, where

x is the thickness of the oxide layer, k is rate constant, and ¢ is the oxidation time. The widths of
nanosheets at different heating times were measured by Imagel in order to study the magnetic effect. As
revealed in Figure 3(e), the mean size of bottom width of nanosheets also follows the parabolic growth

law. The growth at the width side proves the effect of magnetic force on nanosheet generation.
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The X-ray diffraction (XRD) patterns of as-prepared samples are shown in Figure 3(f). In the XRD
pattern of nanosheets, the relative strong Fe,O; peak intensities of the diffraction plane (110) and (214)
are much higher than other peaks. While <110> is the direction of growth direction of nanowires for
thermal oxidation method, which gives rise to a relatively intense diffraction peak of the (110)

plane® The rising of (214) peak may be caused by the magnetic field effects.
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Figure 3. SEM images of iron oxide nanosheet growth of time evolution: (a) 2 hours, (b) 6 hour, (c) 14
hours and (d) 24 hours, at 500°C under magnetic field, (¢) growth in width of nanosheet as function of

time (f) XRD patterns of these samples.

The high-density nanosheets can be also grown on micro-sized powders through magnetic assisted
thermal oxidation process. The a-Fe,0; nanowires have been grown on micro-sized iron powders > In
this study, nanosheets were generated under magnetic field at 500°C for heating 6 hours, as shown in
Figure 4(a). As a comparison, nanowires were generated on micro sized iron powders by heating without
magnetic field at 500°C in air for 6 hours, as shown in Figure 4(b). The cross-sectional view of

nanosheet and nanowire can be seen from Figure 4(c) and 4(d), respectively. The height of nanowires

ranges from 2 to 3um, which are longer than nanosheet. However, nanosheets are much wider than the
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nanowires, which results in a much higher surface area to volume ratio. The nanosheets are also much a
denser than the nanowires. The BET surface area [m’g’'] value of nanowire and nanosheet on iron
powders was measured 16.484 and 70.866, respectively. It shows that surface area of nanosheet is around

4.3 times of nanowire nanostructures, which is a great increase on surface area.

Figure 4. (a) nanosheet generation in air for 6 hours and (b) nanowire generation in air for 6 hours under

magnetic field, (c) and (d) vertical view of (a) and (b).

Water pollution is one of the major health and environmental challenge for human society ***. Removal
of heavy metal ions from waste water is an extensive industrial consideration. Currently, the development
of using nanomaterials to removal toxic ions from water has attracted much attention. For example,

semiconductor nanostructured materials including ZnS, Fe,O;, TiO, and Cu,0, have been applied studied
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for water treatment®**. Iron oxide nanomaterials have been used to remove toxic ions from waste water.
These materials show high capacities than bulk materials because of their high surface area ratio °
Between all the iron oxide materials, the test results show that a-Fe,Oj; has a better adsorption ability than
v-Fe,O3 and Fe;0, ® However, mass production of nanomaterials with high surface to volume ratio was
still a challenge. Thermal oxidation under magnetic field demonstrates its potential for the practical

application of water treatment.

Herein, the powders, with iron oxide nanosheet and nanowires respectively, were synthesized for the
application of water treatment. Chromium and arsenic are major highly toxic metal ion in waste water and
it is of great importance to remove them from water °. Figure 5(a) shows the arsenic concentration
variation in 10mL solution as adsorption time increase. Three kinds of iron oxide powders (0.05g) were
added in the solution with arsenic concentration of 10 mg/L and the solution was adjusted to pH 4 at room
temperature (20°C). Nanowire, which was grown by thermal oxidation of 24 hours, shows a max of 10%
arsenic adsorption. The arsenic adsorption of nanosheet, generated by thermal oxidation under magnetic
field of 6 hours, also shows 10% of adsorption after 1 hour water treatment. As a comparison, arsenic can
be removed almost 100% after 10 minutes when nanosheets after thermal oxidation for 24 hours were

used. For Chromium '

adsorption in Figure 5(b), 0.05g of nanomaterials, synthesized by thermal
oxidation with and without magnetic field respectively, were used for adsorption. 10mL solution with Cr
concentration of 10mg/L was prepared and the pH value was adjusted to 3. The adsorption of Cr for
nanowire (after 24 hour thermal oxidation) is around 25% percentage after 10 mins, while the adsorption
of Cr for nanosheet by thermal oxidation of 6 hours and 24 hours are 50% and 100% after 10 mins,
respectively. The nanosheet grown after 24 hours by thermal oxidation under magnetic field shows a
better adsorption ratio for both chromium and arsenic ions. These results are consistent with the Figure
3e and 3f, which shows that the width of nanosheet after 24 hours thermal oxidation under magnetic field

is maximized. The phase stability of nanosheet was also measured, which is also shown in Figure 2(e).

The Raman shifts demonstrate thata-Fe,O; was stable after water treatment.
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Figure 5. Adsorption rate of (a) As and (b) Cr by various a-Fe,O; nanostructures: nanowire 24 hours,

nanosheet 6 hours and nanosheet 24 hours.

It was proposed that the mechanism of removing metal and anionic contaminant is surface complexation
and ion exchange between nanostructure surface and heavy metal ions ®. Higher surface to volume ratio
and better nanostructure stability are beneficial for water treatment. Figure 6(a) the morphology of
magnetic assisted growth of nanosheet after water treatment for 1 hour. It can be seen that the highly
dense nanosheet provide extremely large surface per volume geometry for adsorption of Chromium and
Arsenic on to the nanosheet. As a comparison, Figure 6(b) shows the morphology of nanowires grown
without magnetic field assisting, after water treatment for 1 hour. The adsorption of Chromium and
Arsenic on the nanostructures cannot be observed due to both low surface to volume ratio, and not enough
mechanical strength during water treatment. The nanowires are broken from the bottom and washed
away, while nanosheets still remains their positions. This is because the nanosheets after thermal
oxidization is much more mechanically stable due to the lateral growth under magnetic field. This

partially contributes to their much higher absorption of heavy metals.
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Figure 6. Surface morphology of (a) magnetic assisted growth of nanosheet and (b) nanowire growth

without magnetic field assisting after 1 hour water treatment.

In summary, we have demonstrated a procedure combining both thermal oxidation and magnetic field to
generate high density and large scale of a-Fe,O; nanosheet on both iron plate and powders. Both Raman
and XRD studies indicated that these nanosheets are a-Fe,O; nanostructures. The evolution of shape of
the nanosheets and grain distribution in the cross section were studied to reveal the effect of magnetic
field for the synthesis of a-Fe,O; nanosheet. Nanosheets (70.866) have much higher BET surface area
than nanowires (16.484) and are also more stable during water treatment. These results in excellent

adsorption of heavy metal ion in water treatment.
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