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ABSTRACT: Through investigation of the intermediate specimens during the hydrolysis of FeCl, in the presence of phos-
phate using Mass spectroscopy, XRD, EDX, SEM, HRTEM and ICP-OES Spectrometry, the formation mechanisms of o-
Fe,O; nanotubes and nanorings were revealed. At early stages, the precursor molecules polymerized and aggregated into
large disordered particles, from which f-FeOOH nanorods grew up. When the NaH,PO, concentration was low (e.g. 1 mM
in a solution of 23 mM FeCl,), the f-FeOOH nanorods were relatively stable and underwent side-by-side aggregation into
spindle-like particles. Phase transformation into self-orientated a-Fe,O; nanocrystallites then took place on the surface of
these spindle particles, followed by Ostwald ripening, to form a single-crystalline shell. The ends and the core of the spindle
particles were dissolved, forming a-Fe,O; nanotubes. When the NaH,PO, concentration was high (e.g. 4 mM), the individ-
ual B-FeOOH nanorods decomposed into a-Fe,O, nanocrystallites, which underwent self-orientated aggregation into pol-
ycrystalline disks. Surface Ostwald ripening and dissolution of the central area turned these disks into nanorings. The ex-
posed surface in the nanotubes is mainly (hko), while it is (001) in the nanorings. Photoelectrochemical measurement indi-
cated that photocurrent response of the nanotubes was three times higher than the nanorings. This newly established non-
classical formation mechanisms of these crystals may help us to understand the development of many other novel mor-
phologies of metal oxides via a hydrolysis process.

INTRODUCTION template.” The second is to use restricted growth sites. For

Hematite (a-Fe,O;) has been extensively studied because
it is abundant, stable, low-cost, environmentally friendly
and it has several interesting properties, such as narrow
band gap energy of 2.2 eV, large theoretical specific capac-
itance (3625 F-g™) and antiferromagnetism.”” These fea-
tures enable it to be a good candidate for photocatalysts,
photoelectrodes, semiconductors, etc.* ® The properties of
o-Fe,O; nanoparticles are highly dependent on its size and
morphologies. For example, the different exposed facets of
o-Fe,O; can have influence on its performance in photoca-
talysis.” While, synthetic a-Fe,O; nanoparticles can be
made in various morphologies, such as nanocubes,® nano-
rods,’ nanofibres,” core-shell nanoplates," etc.

According to the classical theory of crystal growth, crys-
tals tend to form a morphology which has a minimum sur-
face energy. To obtain unusual morphologies, three meth-
ods are commonly applied. The first is to use a template
and the shape of the product is a negative replica of the

example, the growth of silicon nanowires on Au catalytic
nanoparticles restricts the diameter of the nanowires by
the Au particle size.” The third is selective surface adsorp-
tion of some molecules to reduce the growth rate on these
surfaces. For example, to control the morphology of a-
Fe,O; nanoparticles, both inorganic and organic additives
are normally used in a hydrothermal process, of which CI,
PO/, SO, are common anions used.” " Lv et al. synthe-
sized a-Fe,O, nanoparticles with various morphologies by
adding sodium phosphate monobasic and studied the for-
mation mechanism.” It was proposed that because the ad-
sorption ability of phosphate on the (001) plane of hematite
was lower than other planes, the (oo1) plane was less pro-
tected. As a result, the crystal growth along the [oo1] direc-
tion was faster than other directions. It was believed that
this was the main reason for the formation of the nano-
spindle shape of hematite particles, when a single nuclea-
tion process was postulated. However, no sufficient exper-
imental data support such a growth mechanism. Our



knowledge of the formation of various morphologies of
hematite crystals is still very limited. In fact, formation of
many crystal morphologies does not rely on any template
and cannot be explained by surface protection. Some non-
classical specific crystal growth routes have to be consid-
ered.

In our previous studies, snowflake-, feather-, leaf-shaped
hematite crystals were produced via hydrolysis of ferricya-
nide. Highly selective surfaces for attracting precursor
[Fe(CN)¢J*” and surface hydrolysis of these anions on a-
Fe,O; crystals was found to be a crucial process in the for-
mation of these novel morphologies.®* On the other
hand, Liu, et al. reported that spindle-, nanotube-, nano-
disk-, nanoring-shaped hematite crystals were also synthe-
sized via hydrolysis of FeCl, in the presence of low or high
concentrations of phosphate anions and urea.” However,
the role of phosphate in the formation of these morpholo-
gies was not understood in detail.

In the present work, spindle-, nanotube-, nanodisk-, na-
noring-shaped hematite crystals were re-produced using a
similar method as previously reported. Some intermediate
specimens during the hydrothermal treatment were col-
lected and their compositions and microstructures investi-
gated by using various techniques. New formation mecha-
nisms of the unusual morphologies of hematite are estab-
lished. The new knowledge allows us to well control the
crystal morphology of hematite and its exposed surface,
and therefore to tune its physico-chemical properties. Fur-
thermore, this knowledge would also help us to under-
stand non-classical crystal growth routes of many other
crystalline materials.

EXPERIMENTAL SECTION

Synthesis of a-Fe,O, nanotubes and nanorings. The syn-
thetic method was similar to that reported by Lv, et al.”® In
a typical synthesis, ferric chloride hexahydrate (97%, Alfa
Aesar) and sodium phosphate monobasic (99.0%, Sigma)
were dissolved in distilled water separately and mixed to-
gether into a 40 mL solution. The concentration of FeCl,
was 23.1 mM, while two concentrations of NaH,PO, were
used, 1.0 and 4.0 mM, respectively. The solution was trans-
ferred to a 50 mL autoclave and heated at a temperature of
220 °C for different times in a range from 30 min to 120 h.
After heating, the autoclave was cooled down naturally and
the precipitate was centrifuged and washed with distilled
water three times. The samples are designated, e.g. LS220-
xh and HS220-xh, where L and H stand for the low (1.0 mM)
and high (4.0 mM) concentrations of NaH,PO,, 220 indi-
cates the reaction temperature and xh is reaction time in
hours. When slowing down the reaction rate was required,
a lower temperature of 180 °C was used and the corre-
sponding specimens are labeled LS180-xh and HS180-xh.

Liu et al. reported that using urea to replace phosphate
in the system, no spindle particles, nanodisks, nanotubes
or nanorings were produced. But adding urea to the phos-
phate-containing system would enhance the formation of

hollow particles.” In the present work, two series of sam-
ples were prepared using about the same concentrations of
phosphate and urea of (1) 1.0 mM and (2) 2.5 mM, while the
concentration of FeCl; remained about the same, 23.0 mM.
The reaction temperature was set to 220 °C. The specimens
are labeled LU220-xh and HU220-xh, respectively, where U
stands for urea. Again, specimens were collected after dif-
ferent reaction times.

The compositions of all the solutions for synthesis with
the reaction temperatures are listed in Table 1.

Table 1. The compositions of the solutions (mM) of
synthesis and the reaction temperatures (°C).

Label FeCl, PO/ | Urea | Temp.
LS180 23.1 1.0 o 180
LS220 23.1 1.0 o 220
HS180 23.1 4.0 o 180
HS220 23.1 4.0 o 220
LU220 23.0 1.0 1.0 220
HU220 23.0 2.5 2.5 220

Specimen characterization. Powder X-ray diffraction
(XRD) patterns were recorded using a PANalytical Empy-
rean diffractometer and Cu K« radiation (A = 1.5418A) was
the X-ray source. Scanning electron microscopy (SEM) im-
ages were recorded using a JEOL JSM-7600F field-emission
gun (FEG) electron microscope operating at 5 kV. Samples
for SEM were coated with a thin Au layer to overcome the
charging problem. Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) pat-
terns were obtained using a JEOL JEM-2o11 electron micro-
scope fitted with a LaBgs electron gun, operating at an ac-
celerating voltage of 200 kV and Titan Themis S/TEM with
a FEG, operating at 200 kV. Samples for TEM were pre-
pared by grinding the powder in acetone with a mortar and
pestle, and then depositing the sample on a copper grid
coated with a holey carbon film. The TEM and high-reso-
lution TEM (HRTEM) images were recorded using a Gatan
794 CCD camera (in JEM-2011) and FEI Ceta 16M CMOS
camera (in Titan). The compositions of the particles were
examined by using energy dispersive X-ray spectroscopy
(EDX) available in all the microscopes.

Mass spectra were obtained using a Thermo Orbitrap
mass spectrometer. Samples were prepared by mixing with
methanol in the ratio 11 and ionized by electrospray. The
concentration of Fe*" in the liquid phase was measured us-
ing iCAP 6300 ICP-OES Spectrometer. The calibration
graph was calculated using 5% HCI solution containing
blank, 1 ppm, 5 ppm and 10 ppm Fe*" respectively. The cor-
relation of the calibration graph is 0.999705.

Photoelectrochemical measurement. The photoelectro-
chemical measurement was carried out on a conventional
three-electrode cell by electrochemical workstation (CHI



660D). Two typical samples with different morphologies,
nanotube (LS220-48h) and nanoring (HS220-48h), were
selected for the test. Typically, 5.0 mg of sample was dis-
persed in deionized water (190 pL). Then 10 pL of Nafion®
17 solution was added to the above suspension. After ul-
trasonic treatment for 2 min, the suspension obtained (0.2
mL) was dropped onto the surface of fluorine doped tin ox-
ide (FTO) glass (1.0 x 1.0 cm). The FTO glass with samples
was used as the working electrode. The Pt electrode was
used as the counter electrode and the Ag/AgCl electrode
was used as the reference electrode. The electrolyte was
0.01 M sodium sulfate aqueous solution. The light source
was a 300 W Xe lamp equipped with a UV cutoff filter (A >
420 nm). The current-time (I-t) curves were collected at
the open-circuit potential.

RESULTS AND DISCUSSION

a-Fe,O; spindle particles, nanotubes, nanodisks and na-
norings have been successfully synthesized. Figure 1 shows
low magnification SEM images of these products with a
uniform particle size and morphology. XRD patterns from
all these samples indicate the same a-Fe,O, structure,
rhombohedral with a = 5.05 A, c =13.839 A. One of the XRD
patterns from sample LS180-6h, indexed to a-Fe,O;, is
shown in Supporting Information (SI), Figure S1.

Figure 1. SEM images of hematite particles in (a) LS180-6h
showing nanospindle particles; (b) nanotubes in LS220-120h;
(c) HS220-3h showing nanodisks; and (d) nanorings in HS220-
120h. The scale bar = 300 nm.

Figure 1a shows a-Fe,O; nanospindle particles formed in
the low phosphate concentration after reaction at 180 °C
for 6 h (i.e. sample LS180-6h). With further reaction at
higher temperature (220 °C) with longer reaction time (120
h), all the spindle particles changed to nanotubes as seen

in Figure 1b. When the concentration of phosphate in-
creased from 1.0 mM to 4.0 mM, a-Fe,O; nanodisks formed
in a hydrothermal treatment at 220 °C for 3 h (Figure 1c).
The central part of the nanodisks seemed to be dissolved
with a longer reaction time (120 h), forming nanorings as
shown in Figure 1d.

The variation of temperature from 180 °C to 220 °C did
not have a significant influence on the formation of the
nanospindle particles and nanodisks. The only difference
was that the reaction rate at 180 °C was slightly lower and
a longer time was needed to produce similar samples as
that formed at 220 °C. On the other hand, the nanotubes
and nanorings were not observed from the reaction at 180
°C, implying that partial dissolution, forming nanotubes
from the spindle particles or forming nanorings from the
nanodisks, requires a higher temperature.

It was also found that addition of urea to the synthetic
system did not change the crystal growth route, an en-
hancement of making hollow particles was not significant.
For example, the spindle particles were observed in both
specimens of LU220-1h and LS220-1h, and the nanotubes
were produced in 24 h in specimens of LU220-24h and
LS220-24h (see Figure Sz, in SI). Most experimental data
used in the discussion were from the synthetic solutions
without addition of urea. The hollow property of the nano-
tubes is revealed by the open ends of the particles as seen
in the SEM image (Figure 1b) and further confirmed by
TEM image with both a top view and a profile view (see
inset of Figure S2b in SI).

To fully understand the formation mechanisms of these
hematite nanoparticles, specimens at the different stages
of crystal development were collected. Their compositions,
crystal phases and microstructures were investigated. The
growth of a-Fe,O; nanotubes and nanorings can be de-
scribed in several distinguishable steps.

Step 1. The precursor molecules polymerized into larger
molecules. After hydrothermal treatment for 30 minutes,
the solutions of both low and high concentrations of phos-
phate had changed color from yellow to dark reddish
brown, but very little precipitate was observed. Solution
specimens were collected for mass spectroscopic study.
Some mass spectra in the low mass region are shown in SI,
Figure S3. It was found that FeCl; molecules were not di-
rectly dissociated into Fe*" and CI". Some of them under-
went polymerization. The Fe-containing molecules de-
tected are monomers FeCl; and [FeCl,]", dimers Fe,OCl,,
[Fe,OCL]", Fe,Cl, [Fe,Cl,]", NaFe,Cl,, [NaFe,Clg]", and tri-
mers Fe,Cl,, and NaFe,Cl,, etc. Since chlorine has two sta-
ble isotopes, **Cl and *Cl, with an approximate ratio of 3 :
1 and the isotopic effect on mass spectra is obvious, the
number of chlorine in the molecules can be easily deter-
mined.

In the high mass region, there are single peaks at m/z =
1055.9657, 1155.9590, 1255.9515, 1355.9441, etc., separated by
a gap of m/z =100 as shown in Figure S4a in SI. Lower and
higher m/z with the difference of 100 were also detected.
The single peaks indicate that no chlorine or iron is present



and so the structures can only be derived from phosphate.
Figure S4b (in SI) shows a typical polymer model proposed,
which shows 10 phosphate anions connected to form a long
chain molecule, P(OH);H,0-O-[HPO;,]s-P(OH),;H,O with
m/z = 855.7154. The addition of the building unit
P(OH);H,O gives rise to an increase of about 100 to the m/z
value. The connection of these units to the middle of the
chain to create multiple branches without changing the
composition is also possible.

Figure 2. TEM images of (a) LS220-0.5h and (b) HS220-2h.
The insets are the corresponding SAED patterns. The pat-
tern in (b) is indexed to tetragonal B-FeOOH structure, A
(10), B (200), C (220), D (310), E (211), F (301). The arrow
indicates an area of amorphous particle with no nanorods.
(c) HRTEM image of LS180-2h which shows individual B-
FeOOH nanorods. The inset is the corresponding FFT pat-
tern from an area marked by a square. The pattern is in-
dexed to the B-FeOOH structure.

Step 2. It can be expected naturally that the first precipi-
tate to appear in the solution was mixed Fe-containing
molecules and phosphate polymer molecules, which
should be non-crystalline irregular particles. This type of
particles were occasionally observed from the sample after
30 min reaction (Figure 2a). No nanorods were detected

and the particles are amorphous as confirmed by the SAED
pattern (inset of Figure 2a). Such aggregates were observed
previously, as it was reported that a red cationic polymer
forms in ferric chloride solutions and ferric oxide or hy-
droxide forms from aging of the polymer. The solid poly-
mer contains ca. 10” ferric ions with a molecular weight of
ca. 10**** In our own work, EDX of the early stage precip-
itates showed Fe, O, Cl and P (see Figure S5 in SI), consist-
ing of a possible composition of the aggregates from the
Fe-containing molecules and phosphate polymers as men-
tioned above.

Step 3. Many nanorods soon grew up from the amor-
phous aggregates. Both SAED patterns and HRTEM images
from these nanorods show that they are f-FeOOH crystals
with the [o0o1] zone axis parallel to the long axis of the na-
norods (Figure 2b, 2c). B-FeOOH as the intermediate
phase towards the formation of a-Fe,O, has been discussed
in literatures.***> However, this phase was not found previ-
ously during the formation of hematite nanotubes and na-
norings in a system similar to that used in the present
work. The SAED pattern in Figure 2b is indexed to the
body-centered tetrahedral structure of 3-FeOOH with a =
10.440, and ¢ = 3.010 A, space group I4/m. In the beginning,
the narrow nanorods were embedded in the amorphous
matrix and their crystallinity was low (Figure 2c). In further
reaction, they grew up into thicker and longer nanorods
with high crystallinity, while the thick amorphous surface
coating layer observed from Figure 2c disappeared (see Fig-
ure S6 in SI).

The most surprising phenomenon was that, after for-
mation of the f-FeOOH nanorods, the crystal growth un-
derwent different processes in low (1.0 mM) and high (2.5
or 4.0 mM) concentrations of phosphate, leading to spin-
dle and nanodisk morphologies, respectively.

B-FeOOH can act as an adsorbent for phosphate anions,
due to a strong interaction between phosphate and the hy-
droxyl groups on the surface of B-FeOOH. Even strong
Fe’"-O-P bonds might form via dehydration and phosphate
anions are able to bind in a bidentate way, i.e. one phos-
phate anion can bind to two neighboring Fe** ions."***” In
the synthetic solution used in this work, the pH was in a
range of 1.8 to 1.5, which was lower than the zero point of
charge for f-FeOOH (7.2), the surface charge of 3-FeOOH
was positive and was able to attract monovalent dihydro-
gen phosphate ions.”® Due to the fact that the (010) plane
of B-FeOOH is the major plane for binding phosphate ani-
ons and (oo1) the minor plane,” the geometric shape of the
nanorods ensures a side-by-side strong interaction.

Step 4. In the system with 1.0 mM phosphate, the amount
of phosphate anions on the B-FeOOH nanorod surface is
small. The electrostatic repulsion force between the nano-
rods is relatively weaker. Therefore, the f-FeOOH nano-
rods aggregated side-by-side into spindle-shaped particles
with a rough surface as shown in Figure 3a. The size of the
spindle particles is about 150 nm in diameter and 600 nm
in length.



Figure 3. (a) HRTEM image of a spindle particle in LS220 after
50 min., showing parallel f-FeOOH nanorods. The inset is
TEM image of the whole spindle particle with a square show-
ing where the HRTEM image was recorded. (b) HRTEM image
of LS220-1h showing a spindle particle with all the f-FeOOH
nanorods decomposed to a-Fe,O, nanocrystallites. The top in-
set isa TEM image of the whole particle with a square showing
where the HRTEM was recorded. The bottom inset is the cor-
responding SAED pattern indexed to the a-Fe,O, structure.

Step 5. The B-FeOOH nanorods in the spindle parti-
cles then decomposed into «-Fe,O, nanocrystallites. This
can be seen from the HRTEM image of Figure 3b. It is in-
teresting to see that all the nanocrystallites are self-orien-
tated and their [oo1] direction is parallel to the original
[oo1] direction of B-FeOOH, i.e. also along the long axis of
the spindle particle. Therefore, the corresponding SAED
pattern looks like a single crystal pattern (bottom inset of
Figure 3b). EDX of a spindle in sample LU220-1h shows

characteristic X-ray peaks of O, P, and Fe without CI as
shown in SI, Figure S7. That means there are still a large
amount of phosphate anions remained in the space be-
tween Fe,O; nanocrystallites.

Although the crystal structures of B-FeOOH and a-Fe,O;
are quite different, one is tetragonal and another is rhom-
bohedral, the phase transformation from the former to the
latter can be achieved by atomic movements mainly on the
(ab) planes. Figure 4 shows the crystal structures of (a) B-
FeOOH and (b) a-Fe,0O;, both viewing down the [001] zone
axis. Two Fe layers along the ¢ axis are included. On the
(oo1) planes, the area of each unit cell of B-FeOOH is 108.99
A*. The structure can be constructed with four building
units as highlighted by ovals in Figure 4a. A channel along
the [oo1] direction is formed at the body-centered posi-
tions, which are large enough to house Cl” anions to stabi-
lize the structure.”

Figure 4. Schematic drawing of phase transformation from (a)
B-FeOOH (one unit cell) to (b) a-Fe,O, (2 x 2 unit cells), both
on the [oo1] projection. The blue balls A1 to A4 represent Fe
atoms in the same layer. The brown balls Bi1 to B4 represent Fe
atoms in the next layer. The pink balls O1 to Os represent O
atoms. The small grey balls represent H atoms. The yellow
ovals in (a) indicate the units which rotate and shift mainly on
the (oo1) plane as indicated by the arrows towards the a-Fe,O,
structure.

The phase transformation from f-FeOOH to a-Fe,O, can
be achieved by rotating and shifting these units mainly in
the (oo1) plane as indicated by yellow arrows in Figure 4a.
While some H,O molecules are released, not many other
chemical bonds are broken. Eventually one square unit cell
of B-FeOOH changes to 2 x 2 diamond unit cells of a-Fe,O,
as shown in Figure 4b. The area shrinks from 108.99 A”to
87.92 A, On the other hand, each unit cell of B-FeOOH
along the [o01] axis contains two Fe layers. Six such unit
cells change to one unit cell of a-Fe,O;, containing 12 Fe
layers. Consequently, 1 x 1 x 6 tetragonal superunit cell of
B-FeOOH changes to 2 x 2 x 1 hexagonal unit cell of «-Fe,O;
with the [o01] directions unchanged, both parallel to the
long axis of the spindle in the samples under investigation.
The corresponding volume changes from 1968.42 to
1224.04 A3, i.e. about 37.82% shrinkage. This significant vol-
ume shrinkage leads to a reduction of the particle size of
the spindles during the phase transformation.



Step 6. With further hydrothermal treatment, the poly-
crystalline a-Fe,O; spindle particles underwent surface re-
crystallization into a single crystal shell, forming a core-
shell structure. The recrystallization extended from the
surface to the core until all the Fe,O, nanocrystallites were
consumed. Hollow single crystals formed, while the rough
particle surface gradually changed to a smooth surface.

Figure 5. TEM images of (a) an one-end open nanotube in
specimen LS220-48h and (b) a two-end open nanotube in
LS220-120h. The insets are the corresponding SAED patterns,
indexed to 0-Fe,O,. (c) HRTEM taken from white rectangle
area in (b). The d-spacings marked A and B are measured 4.61
A and 2.53 A, corresponding to the (003) and (110) planes of a-
F6203.

Step 7. The ends of the core-shell spindle particles, to-
gether with the core, were then dissolved, leading to the
formation of nanotubes. In the weak acidic solution, (pH =
1.8 to 1.5 as measured in the beginning and at the end of
reaction), the dissolution was very slow. It can be seen
from the observation that no nanotubes formed at reaction
temperature of 180 °C in several days. In the previous steps,

phase transformation from B-FeOOH to «-Fe,O,, re-crys-
tallization of a-Fe,O; nanocrystallites into single crystal-
line shell dominated the process. The dissolution was not
obvious even at 220 °C. A high concentration of the Fe**
cations in the solution might inhibit the dissolution. When
the growth of hematite stopped, the concentration of Fe**
dropped to a minimum value, dissolution of the hematite
shell in the core-shell spindles became notable. Since the
(oo1) surface of a-Fe,O; was the least protected surface
plane by phosphate anions, the dissolution rate on that
surface was much higher than on any other surfaces.”® Con-
sequently, the two ends of the spindle particles were dis-
solved, forming nanotubes (Figure 5a, 5b). The (003) dif-
fraction spot in Figure 5b should be systematically absent
according to the symmetry of the hematite structure. Its
appearance is due to multiple scattering as also noticed by
Zhang and his co-workers.'

As seen from the HRTEM image in Figure 5¢, at the final
stage, the whole nanotube particle has a single crystalline
wall. This extension of re-crystallization inwards to the
center of a particle is similar to the so-called reversed crys-
tal growth mechanism, which was first established in 2007,
and later was found in growth processes of many crystals,
such as zeolites,>”' perovskite,® ZnO,» etc. and could be a
common phenomenon which has been ignored for a long
time.**

In the solution with the concentration of phosphate in-
creased to 2.5 mM or 4.0 mM, the above mentioned steps
1, 2, and 3 were the same. However, the f-FeOOH nanorods
did not aggregate into bundles in a parallel manner. The
evolution of the material morphology followed another
route as discussed below.

Step 4’. When the concentration of phosphate was high,
a large amount of surface adsorbed phosphate anions made
the nanorods surface more negatively charged. Therefore,
the electrostatic repulsion made aggregation of the f-
FeOOH nanorods difficult. Instead of forming parallel ag-
gregation into spindle particles, the nanorods either stayed
as individual particles or formed straw-like bundles, where
nanorods repulsed each other at least at one end (see Fig-
ure S8 in SI). These straw-like particles were hardly seen in
the low phosphate concentration system.

The individual p-FeOOH nanorods decomposed under
the hydrothermal conditions into randomly orientated o-
Fe,O; nanocrystallites with an average size of 5 nm in di-
ameter (Figure 6a). The nanorod morphology lost during
this phase transformation. These nanocrystallites under-
went self-orientated aggregation, mainly along the direc-
tions perpendicular to the [oo1] axis, to form some plates
with crystal extension mainly on the (ab) plane. Although
the nanocrystallites can still be identified in the image of
the particles, SAED patterns show typical single crystal like
patterns (Figure 6b). The plates stacked together face-to-
face to form some nanodisks. Figure 6¢ is a TEM image
showing some nanodisks with a top view (particle A) and a
profile view (particles B). The nanoplates with obvious



gaps can only be observed with a profile view. All the nano-
crystallites in such nanodisks are self-orientated, not only
in the nanoplates but also in between the nanoplates, indi-
cated by the lattice fringes in the HRTEM image (Figure
6d).

Figure 6. (a) TEM image of disordered and randomly orien-
tated a-Fe,O,; nanocrystallites in HS220-2.5h. (b) HRTEM of
HS220-2.75h, showing self-orientated o-Fe,O, nanocrystal-
lites. The inset is the corresponding SAED pattern indexed to
a-Fe,O;. (c) TEM image of some nanodisks from HS220-3h.
Particle A has a top view and particles B have a profile view of
the disks. The arrows indicate stacking of nanoplates. (d)
HRTEM image of the profile view of the nanoplates in a nano-
disk.

It was noted that the formation of these a-Fe,O; nano-
disks was slow, which was not observed until the hydro-
thermal treatment at 220 °C for 2 h 45 min. Previous stud-
ies revealed that on the (oo1) plane of a-Fe,O;, all the sur-
face hydroxyl groups were doubly coordinated to Fe*,
leading to neutral sites, while (hko) planes may contain ei-
ther positively charged or negatively charged sites.”?* The
interaction between the nanocrystallites was much
stronger on the (hko) planes. The relatively faster connec-
tion of the nanocrystallites on these planes led to the for-
mation of nanoplates, which then stacked along the c axis
into nanodisks, which had a size of around 150-180 nm in
diameter and 63-85 nm in thickness.

Figure 7a shows a HRTEM image with a top view of a
nanodisk. Although the nanocrystallites are still visible in
the HRTEM image, their orientations are almost perfectly
self-adjusted, allowing an intergrowth of the nanocrystal-
lites to form a low-density or porous single crystal. The
[001] axis is parallel to the short axis of the disks.

Step 5’. Similar to the spindle particles in the solution
with a low phosphate concentration, surface re-crystalliza-
tion also took place in the disks to create a shell with a high
crystallinity. The edge of the nanodisks is thinner than the
central part and underwent the fastest re-crystallization.
Therefore, the crystallinity is higher and crystalline shell is
thicker at the edge than at the faces.

Figure 7. HRTEM images of (a) a nanodisk and (b) a nanoring
with a view direction along the short axes of the particles. The
top insets are TEM images showing the whole particles and
the bottom insets are corresponding SAED patterns.

Step 6’. When the central area on both faces of a nanodisk
was dissolved throughout the whole particle, a hole was
made along the [001] direction and a nanoring appeared.
Figure 7b shows a typical nanoring when viewing down its
face, i.e. along the [oo01] axis of a-Fe,O,. The HRTEM image
shows that it is single crystal.

In summary, based on the investigation mentioned
above, we are able to reveal the formation mechanisms of



hematite nanotubes and nanorings, as depicted in Figure
8. In both the solutions with low and high concentrations
of phosphate, polymerizations of phosphate and ferric
chloride occurred (Figure 8a), followed by precipitation of
these polymers into disordered particles (Figure 8b). f3-
FeOOH nanorods grew up in these particles (Figure 8c).
These nanorods then underwent two different processes
towards o-Fe,0O,, depending on the phosphate concentra-
tion. In other words, the nanorods face a competition at
this stage, either decompose directly into a-Fe,O; nano-
crystallites or aggregate side by side to form spindle-
shaped particles before phase transformation to a-Fe,Os.

1 High
Phosphate

Figure 8. Formation Mechanisms of a-Fe,O; nanotubes and
nanorings via hydrolysis of FeCl, in the presence of phosphate.
(a) Polymerization of precursor molecules/ions. (b) For-
mation of non-crystalline particles. (c) Growth of B-FeOOH
nanorods. In the solution with a low concentration of phos-
phate, (d) formation of spindle particles. (e) Phase transfor-
mation to self-orientated a-Fe,O; nanocrystallites, followed
by formation of a-Fe,0O, shells. (f) Formation of nanotubes. In
the solution with a high concentration of phosphate, (g) phase
transformation to randomly oriented a-Fe,O; nanocrystal-
lites. (h) Oriented aggregation of a-Fe,O, nanocrystallites into
nanodisks. (i) Surface re-crystallization into single crystal
shells. (j) Formation of nanorings.

In the case of a low concentration of phosphate, the in-
teraction between the $-FeOOH nanorods was strong and
they aggregated into spindle-shaped particles (Figure 8d).
Phase transformation of f-FeOOH to self-orientated o-
Fe,O; nanocrystallites took place, while the spindle shape
was maintained and the ¢ axis of B-FeOOH directly
changed to the c axis of a-Fe,O;, followed by surface re-
crystallization into a single crystal shell (Figure 8e). In fur-
ther hydrothermal treatment the ends and the cores of the
spindle particles were dissolved, leading to the final prod-
uct of a-Fe,O; nanotubes (Figure 8f).

On the other hand, in the case of a high phosphate con-
centration, the individual B-FeOOH nanorods decom-
posed into randomly orientated a-Fe,O; nanocrystallites

(Figure 8g). The nanocrystallites selectively connected
each other on the (hko) plane to form nanoplates, which
stacked layer-by-layer to form nanodisks (Figure 8h). The
surface of the nanodisks then underwent Ostwald ripening
to form high crystallinity shells (Figure 8i). Hematite na-
norings appeared when the nanodisks were partly eroded
mainly in the central area until a hole was made (Figure
8j).

The measurement of the Fe** concentration in the liquid
phase supports our proposed mechanisms. As shown by
the inductively coupled plasma-optical emission spec-
trometry (ICP-OES) results of LS220 samples in Figure Sg
in SI, in the first 2 hours, the concentration of Fe*" drops
down, because the Fe’'-containing ions continuously pre-
cipitates. After 2 hours, the Fe’" concentration keeps at a
very low level. At this stage, chemical changes in the solid
particles dominate. When the reaction time increases to 24
hours, the Fe** concentration increases, indicating the
Fe,O; particles are partially dissolved.

The perfect crystal orientations of the nanotubes and na-
norings (see Figure 8f, 8j) resulted in that the major ex-
posed surface on the nanorings is the (001) plane, while the
surface of the nanotubes mainly terminated at the (hko)
planes. To test if such a big difference might affect the sur-
face related physico-chemical properties of the nanocrys-
tals, their photoelectrochemical performance was exam-
ined.
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Figure 9. Current-time (I-t) curves of the a-Fe,O; nanotubes
and nanorings prepared in 1 mM and 4 mM NaH,PO,, respec-
tively.

The current-time (I-t) curves of the a-Fe,O; samples
LS220-48h (nanotubes) and HS220-48h (nanorings) under
visible light irradiation are shown in Figure 9. Obviously,
the photocurrent increased sharply for both samples once
the Xe lamp was switched on and the photocurrents de-
creased immediately once the Xe lamp was switched off.
The sample of nanotubes displays about 3 times higher
photocurrent responses than that of the sample of na-
norings, indicating a higher photoelectrochemical water



splitting potential of the nanotubes. Moreover, the photo-
current spikes appeared when the light source was
switched on or off.

Although the low band gap of hematite (2.2 eV) ensures
a high efficiency of absorption of visible light, the ultrafast
charge-hole recombination limits the actually generated
photocurrent, which contributes to the oxidation of oxy-
gen anions in water splitting. For example, a recent work
using electron energy loss spectroscopy (EELS) attached to
a 4D electron microscope indicated that the recombina-
tion of photogenerated Fe**-Fe*" charge-hole pairs in hem-
atite was in a scale of picosecond.?®* On the other hand,
Sivula et al. found that the a-Fe,O, specimen after anneal-
ing at 8oo °C gave high transient photocurrent spikes.
However, the samples annealing at 700 °C or below did not
show such a property.”” The high temperature annealing
was speculated to induce lattice distortion, doping and in-
crease crystal size. More importantly, the authors pointed
out that the photocurrent might rely on the accumulation
of photogenerated holes at the semiconductor liquid junc-
tion. In our photoelectrochemical test, the samples were
not annealed. The transient photocurrent spikes were also
observed, demonstrating an excellent charge separation ef-
ficiency, although the photocurrent is lower than quantum
dots hematite photoanodes.®® The different photocurrent
values from nanotubes and nanorings are more likely at-
tributed to their exposed surface planes, as the surface
electronic structures on the (hko) and (0o1) planes are dif-
ferent, leading to different conductivities.

CONCLUSIONS

Single crystalline nanotubes and nanorings of «-Fe,O;
can be fabricated through hydrolysis of FeCl; in the pres-
ence of phosphate. However, the crystal growth is non-
classical, i.e. each a-Fe,O, crystal is not developed from a
single nucleus, but from Ostwald ripening of nanocrystal-
lites in spindle- and nanodisk-shaped polycrystalline par-
ticles. The a-Fe,O, nanocrystallites do not form from single
nuclei in the solution, but from decomposition of -
FeOOH nanorods. At an early stage when the f-FeOOH
nanorods, as an intermediate phase, grow up, they face a
competition between direct decomposition into disor-
dered o-Fe,O; nanocrystallites and aggregation in a paral-
lel manner into spindle particles, which decompose later.
Consequently, stability of the B-FeOOH crystals plays an
important role in the formation of the different shapes of
the hematite crystals, leading to different major exposed
surface planes, (hko) in the nanotubes and (oo1) in the na-
norings. The photocurrent generated from the nanotubes
is 3 times higher than that from the nanorings, implying
that the surface structures may play an important role in
the photoelectrochemical properties of hematite crystals.
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Through investigation of the intermediate specimens during the hydrolysis of FeCl; in the pres-
ence of phosphate, the formation mechanisms of a-Fe,O; nanotubes and nanorings were re-
vealed. The principal exposed surfaces (hko) in the nanotubes and (001) in the nanorings were
understood.
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