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Effects of size on the photocatalytic properties of
high-index faceted pseudocubic and rhombohedral
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Size-controlled and high-index faceted a-Fe,Os nanocrystals with pseudocubic and rhombohedral
morphologies were synthesized through the hydrothermal treatment of B-FeOOH at different pHs. The
size effect on the photocatalytic oxygen evolution efficiency of high-index faceted a-Fe,Oz nanocrystals

Received 19th October 2019 was investigated. Rhombohedral a-Fe,O3z (pH 6.0) exhibits an outstanding apparent quantum yield of
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9.93% and an oxygen evolution efficiency of 20.3%, which can be attributed to the optimal size and

high-indexed {104} planes. This work provides a new idea for the design of high activity water oxidation
catalysts, through the size optimization of high-index faceted materials.
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Introduction

Given the growing energy consumption and environmental
pollution caused by fossil fuel combustion, one of the biggest
challenges of this century is the search for clean and renewable
energy sources." Currently, the direct conversion of solar energy
into chemical energy by photocatalytic water splitting has
aroused widespread interest. Nonetheless, in the water splitting
context, the water oxidation reaction has to overcome higher
energy barriers, and is thought to be the bottleneck of water
splitting.” Thus, much effort has been devoted to the design and
construction of highly efficient water oxidation catalysts
(WOCs). Although IrO, and RuO, are considered to be the most
efficient catalysts for water oxidation,>* their extremely high
cost makes researchers turn their research enthusiasm to cheap
transition metal catalysts. A large number of transition metal
compounds, including Co,>® Cu,” Mn,*** W,"*** and Fe,"*"*
have been explored as WOCs. Among these compounds, iron-
based WOCs have attracted much attention due to their low
cost and low toxicity."”*®

a-Fe, 03, because of its proper bandgap, has been extensively
utilized as the photocatalyst or cocatalyst for oxygen evolution,*®
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hydrogen evolution,* CO, reduction,* and pollutant degrada-
tion.**** Considerable effort has been devoted to improving the
photocatalytic oxygen evolution of a-Fe,O; based on the heter-
ojunction construction.**>** The composite structure of a-Fe,0;/
rGO significantly improves the charge carries separation of a-
Fe,0; and enhances the photocatalytic water oxidation perfor-
mance.”® The tight hetero-junction structure of a-Fe,05/g-C3N,
has been demonstrated as active sites for visible-light-driven
oxygen generation.”® The optimized integration of cocatalyst
CoO, enables hexagonal a-Fe,O; nanoplates with dramatically
enhanced O, evolution rate.”® The Pt nanoparticles decorated o-
Fe,0; nanoplates structure exhibit the enhanced photoactivity
and photostability for water oxidation.”” Besides, the fabrication
of a-Fe,O; nanocrystals with specific shapes and sizes is also
conducive to enhance the photocatalytic oxygen evolution
ability. Moreover, the shape effect is essentially due to the
arrangement of atoms on different exposed crystal faces. Plenty
of work has confirmed that the {012} and {104} planes of a-
Fe,0; are high-index planes.**?* Ma et al. found that the
exposed {104} planes of a-Fe,O; exhibits excellent gas sensing
properties.** Zhao et al. investigated that a-Fe,O; nanocubes
exposed {012} active facets combination with graphene lead to
boosted lithium storage capability.>* Recently, Xiang and co-
workers reported that a-Fe,O; nanocubes with {012} facets
have much higher photocatalytic water oxidation activity than
a-Fe,O3 nanoflakes with {001} facets.** Wang et al. researched
that a-Fe,O; enclosed by {012} and {104} facets can facilitate to
increase the activity of photocatalytic oxygen evolution signifi-
cantly.®> However, the size effect on the photocatalytic water
oxidation performance of a-Fe,O; nanocrystals has been
scarcely investigated. Moreover, the attempt to combine the size
effect with the high-index facet to improve the photocatalytic
activity of a-Fe,O; is significant.

This journal is © The Royal Society of Chemistry 2019
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Here, we selectively synthesized pseudocubic and rhombo-
hedral o-Fe,O; nanocrystals with varying sizes through the
hydrothermal treatment of the B-FeOOH precursor at different
pH values. By adjusting the pH value of the precursor,
a morphology evolution of «-Fe,O; nanocrystals from {012}
pseudocubes to {104} rhombohedrons was observed with the
reduction in size. Through a comprehensive investigation of the
factors affecting the oxygen production performance of the
catalyst, we confirm the size-dependent photocatalytic water
oxidation property of a-Fe,O;. Moreover, we obtained {104}
planes faceted Fe,O; (pH 6.0) possessing excellent photo-
catalytic oxygen evolution performance.

Experimental

Materials

Ferric chloride hexahydrate (FeCl;-6H,0), sodium hydroxide
(NaOH) were purchased from Tianjin Zhiyuan Chemical
Reagent Co., Ltd. All chemicals were of analytical grade and
used directly without further purification.

Fabrication of a-Fe,0; nanocrystals

The synthesis route was carried out according to the literature
with a slight modification.’> When synthesizing o-Fe,O3,
0.024 mol FeCl;-6H,0 was dissolved in 600 mL deionized water,
refluxed and stirred at 78 °C for 12 h to obtain a brown B-FeOOH
solution with an initial pH value of 1.2 (measured by a LICHEN
pH meter). The solution was divided into four equal portions,
and the pH value of each portion was tuned with NaOH
(1 mol L) aqueous solution to 1.2, 2.0, 4.0, and 6.0, respec-
tively. Subsequently, four 1 L Teflon autoclaves were used to
encapsulate the B-FeOOH solutions with different pHs, which
were then heated to 150 °C for 10 h. After natural cooling to
room temperature, it was washed with ethanol and water
several times and dried at 40 °C. The final products were labeled
as Fe,03-1.2, Fe,03-2.0, Fe,03-4.0, and Fe,03-6.0, respectively.

Characterizations

The crystalline phase of the as-synthesized products was iden-
tified by X-ray diffraction (XRD) (BRUKER D8 Advance) at
a scanning rate of 5° min~" in 20 ranging from 10° to 80°. A
Hitachi S-4800 scanning electron microscope was used to
obtain the scanning electron microscopy (SEM) images at 5 kV.
The transmission electron microscopy (TEM) images were ob-
tained on an FEI Tecnai G2 f20 s-twin with an accelerating
voltage of 200 kV. The UV-vis absorption spectra of as-obtained
catalysts were obtained by a Hitachi U-3010 spectrophotometer.
The Brunauer-Emmett-Teller (BET) surface areas of the prod-
ucts were evaluated by N, adsorption-desorption measure-
ments at 77 K (liquid nitrogen) in an automated surface area
and porosity analyzer (ASAP2020, Micromeritics, USA). Photo-
luminescence spectra (PL) of the catalysts were characterized
with a fluorescence spectrophotometer (Hitachi-F-4500) with an
exciting wavelength of 300 nm. The particle size distribution
was measured by Nanomeasure software.
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Photocatalytic oxygen evolution measurements

Photocatalytic water oxidation tests were performed in a buffer
solution with an argon atmosphere at room temperature. In this
experiment, 5.0 mg of o-Fe,O; was dispersed in a 10.0 mL
80.0 mM sodium borate buffer solution containing 1.0 mM
[Ru(bpy)s](ClO,), and 20.0 mM Na,S,0g, and sealed with
a rubber gasket in a 20 mL round-bottom flask. The solution
was to degas the air with argon and then irradiated it with
visible light (300 W Xe lamp, A > 420 nm) at room temperature.
Every two minutes, O, in the top air was sampled with a 100 pL
syringe and analyzed by GC-TCD equipped with a 5 A molecular
sieve column.

Photoelectrochemical measurements

The transient photocurrent response was performed on a Chi
660D electrochemical workstation using a standard three-
electrode system with Ag/AgCl and Pt electrodes as the
counter and reference electrodes, respectively. The working
electrode was prepared as follows: 5.0 mg of the as-synthesized
sample was mixed with 1.0 mL of deionized water by ultrasonic
treatment. Then, the mixture was coated on a 2.5 cm x 1.5 cm
F-doped SnO,-coated glass (FTO glass) electrode with approxi-
mately uniform thickness. Subsequently, the electrode was
dried in vacuum at 110 °C for 10 h, and 0.5 mM Na,S,0,
aqueous solution was used as the electrolyte.

Results and discussion

Fig. 1 exhibits the XRD patterns of the precursor and products.
All products have obvious diffraction peaks at 26 = 24.26°,
33.22°, 35.73°, 40.95°, 43.65°, 49.54°, 54.10°, 57.61°, 62.50°, and
64.07° could be indexed to the (012), (104), (110), (113), (024),
(116), (018), (214), and (300) crystal planes, corresponding to the
hexagonal hematite (JCPDS no. 33-0664). This result indicates
that precursor B-FeOOH (JCPDS no. 34-1266) was completely
transformed into to a-Fe,O; through the hydrothermal treat-
ment under different initial pHs.*® The average crystallite sizes
of o-Fe,O; nanocrystals prepared at pH values of 1.2, 2.0, 4.0,
and 6.0 were 50.61, 42.92, 39.99, and 37.06 nm, respectively,
which were calculated by Scherrer formula.*” The result
demonstrates the crystallite size of the sample decrease with the
increasing of precursor pH value.
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Fig.1 XRD patterns of the precursor and samples Fe,Oz-x (xis 1.2, 2.0,
4.0, and 6.0).
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Fig.2 XPS spectra of a-Fe,O3z nanocrystals: (a) full survey spectrum of
Fe,O3-x (x is 1.2, 2.0, 4.0, and 6.0); (b) Fe 2p peaks of Fe,O3-x.

For further identifying the samples, the surface composition
of the products was analyzed by XPS in Fig. 2. The XPS spectra of
the samples display the same line shape, and the presence of Fe,
O, and C elements in Fig. 2a demonstrates that the four
substances have the same valence state of elements. The
binding energy peaks at 710.3 and 723.8 eV in the Fe 2p high-
resolution XPS spectrum (Fig. 2b) are attributed to Fe 2ps,
and Fe 2p, ,,, respectively, which strongly proves that Fe element
in iron oxide exists in the form of the Fe**. The lineshape and
binding energies of Fe 2p agree well with those reported in the
literature.®®

The size and morphology of the o-Fe,O; nanocrystals were
characterized by SEM in Fig. 3. The schematic illustration in
Fig. 3a shows the morphology and size evolution of a-Fe,O;
nanocrystals with varying pH values. Fig. 3b and c exhibit the
products of Fe,0;-1.2 and Fe,0;-2.0 have the same pseudocubic
morphology and different mean lengths of ca. 603 and 507 nm,

Hydrothermal & NaOH Aqueous Solution ~ pH t
E—— 3
A A
(a) ~ pseudocube rhombohedron

Fig. 3 (a) Schematic illustration of the growth of a-Fe,Oz with pH
change; (b—e) SEM images of the samples and inset of corresponding
particle size distribution, (b) Fe,03-1.2, (c) Fe,03-2.0, (d) Fe,03-4.0,
and (e) Fe,03z-6.0.
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respectively. Moreover, rhombohedral o-Fe,O; with different
average sizes of ca. 145 and 88 nm were obtained at pH 4.0 and
6.0, respectively (Fig. 3d and e). It is worth mentioning that the
rough surface of pseudocubes mirrors the growth nature of the
iron oxide, which is formed by the aggregation and fusion of
plenty of small particles. The crystal growth behavior at the
expense of small particles is consistent with the description of
the Ostwald ripening mechanism.* Hence, the Ostwald ripening
mechanism could be used to explain a-Fe,O; growth behavior.
Overall, the pH control process discloses that increasing the
precursor pH not only contributes to the formation of smaller a-
Fe,0; nanocrystals but also driving the shape transformation of
a-Fe,0; from pseudocubic to rhombohedron.
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Fig. 4 (a, b) and (e, f) TEM, (c) and (g) SAED, (d) and (h) HRTEM images
of pseudocubic a-Fe,Os (pH 1.2) and rhombohedral a-Fe, Oz (pH 6.0),
respectively.
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Fig. 5 N, adsorption—desorption isotherm of sample (inset of Bar-
rett—Joyner—Halenda pore size), (a) Fe,03-1.2, (b) Fe,03-2.0, (c)
Fe203—4.0, and (d) FeZO3‘6.0.

High-resolution transmission electron microscopy (HRTEM)
was employed to recognize the dominant active crystal planes of
the two typical samples Fe,0;-1.2 and Fe,03-6.0. TEM images
and selected area electron diffraction (SAED) pattern of the
pseudocubic a-Fe,0; (pH 1.2) are exhibited in Fig. 4a-d. Pseu-
docubic exhibits rhombus facets with dihedral angles between
two adjacent facets are 86° and 94° (Fig. 4b). The ordered
diffraction spots in the SEAD pattern (Fig. 4c) present the single-
crystalline structure of the pseudocubes. Further, the HRTEM
shows the measured lattice spacing of the exposed facet is
0.362 nm (Fig. 4d), corresponding to the (012) facet of a-Fe,0;.
The above characteristics are consistent with the single-crystal
a-Fe,03 pseudocubes enclosed by {012} planes reported in the
literature.**** Fig. 4e-g exhibits the TEM images and SAED
pattern of the rhombohedral a-Fe,O; (pH 6.0). TEM images in
Fig. 4e and g reveal that the nanocrystals are a-Fe,O3; rhombo-
hedrons with a single-crystalline structure. The measured
lattice fringe (Fig. 4h) is of 0.265 nm, agree well with (104) plane
of a-Fe,0;. The dihedral angle measured in Fig. 4f is 66°, which
can match with the theoretical value of 64.9°.*> These descrip-
tions of a-Fe,O; (pH 6.0) are in agreement with the character-
istics of rhombohedral iron oxide enclosed by {104} planes.*

Brunauer-Emmett-Teller ~ (BET) adsorption/desorption
isotherms and Barrett-Joyner-Halenda (BJH) pore size were
used to characterize the surface properties of the catalysts
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Fig. 6 UV-visible diffuse reflectance spectra of Fe,Oz-x (inset of Tauc
plots).
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Fig. 7 Schematic drawing of redox potentials of Fe,O3-x.

(Fig. 5). Each isotherm corresponds to a type IV isotherm with
a small hysteresis loop, indicating the presence of mesopores in
the catalyst. The pore size distribution curves of four a-Fe,0;
samples show that the pore size distribution ranges from 1.7 to
170 nm, which confirms the existence of mesopores and mac-
ropores. The specific surface areas (Table 1) of catalysts calcu-
lated by the BET method are 6.29, 8.93, 47.03, and 52.70 m* g~
corresponding to Fe,05-1.2, Fe,05-2.0, Fe,03-4.0, and Fe,05-6.0,
respectively.

UV-vis diffuse reflectance spectra (Fig. 6) show that the
absorption edges of all samples are longer than 600 nm, which
reflects the strong visible-light-harvesting ability of samples.
Moreover, the absorption band edge of the product is blue-
shifted with an increase of the pH value, which could result
from the quantum size effect.** The bandgap of samples was
determined from the Tauc plot (inset of Fig. 6), claiming the
indirect bandgap of samples is 1.870, 1.885,1.925, and 1.964 eV,
respectively. Combined with Mulliken electronegativity theory
(Ecg = X — Ec — 1/2E,, Eyg = Ecp + E,, where X is absolute
electronegativity, E¢ is the energy of free electrons, Eyg is the

Table 1 Physicochemical properties and oxygen evolution activities of a-Fe,Oz samples

Catalysts Morphology Dominant facets Specific surface area (m* g~ ") 0, evolution (pmol)
Fe,05-1.2 Pseudocubic {012} 6.29 2.71
Fe,0;-2.0 Pseudocubic — 8.93 3.28
Fe,05-4.0 Rhombohedron — 47.03 16.28
Fe,05-6.0 Rhombohedron {104} 52.70 20.32

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Plots of oxygen evolution vs. time for visible-light-driven water
oxidation by a-Fe,O3z nanocrystals. Condition: 5.0 mg catalyst, Xe
lamp, 300 W, A > 420 nm, 100 mW cm™2, 10 min lumination, 1.0 mM
[Ru(bpy)zl(ClO4),, 20.0 mM Na»S,0g, 80.0 mM sodium borate buffer
(initial pH 9.0).

potential of the conduction band, and Eyy is the potential of the
valence band),* the Eyg and E¢g of the four samples are deter-
mined. As seen in Fig. 7, the valence bands of the semi-
conductors are greater than 1.23 V, which meets the
requirement of oxygen evolution kinetics. Moreover, the valence
band becomes more positive with the increase of pH value,
implying the enhance of water oxidation ability.

The curves in Fig. 8 display the amount of oxygen evolution
of the four a-Fe,O; samples follows the order of Fe,05-6.0 >
Fe,0;-4.0 > Fe,03-2.0 > Fe,05-1.2. In particular, Fe,03-6.0
possesses the maximum oxygen evolution of 20.32 pmol, almost
7.5 times that of Fe,03-1.2 (2.71 pmol). In order to compre-
hensively analyze the influence of size and crystal surface
factors on the oxygen production performance of the catalysts,
we calculated the specific activity of the four samples. It can be
seen intuitively that the specific activity of the four samples has
not much difference (Fig. 9), especially the difference between
Fe,053-6.0 and Fe,05-1.2 can almost be seen as a deviation. This
result reflects size effect is the primary factor, which determines
the oxygen evolution efficiency of {104} planes faceted Fe,03-6.0
superior to that of other catalysts. Moreover, compared with
other iron-based catalysts (Table 2), Fe,O3-6.0 has an
outstanding apparent quantum yield of 9.93% and an oxygen
evolution efficiency of 20.3%, which could be ascribed to the
optimal size and high-activity planes. After five times of oxygen
evolution performance test (Fig. 10), the oxygen evolution did
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Fig. 9 Specific catalytic activities (the amount of O, per unit surface
area) of a-Fe,O3 samples.
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Table 2 Comparison of catalytic performance of different catalysts

Catalysts O, (umol) 0, yield* (%) Reference
Fe,C 10.32 20.64 49
Fe,Os 2.83 17.7 31
Fe,03-6.0 20.32 20.32 This work
Fe,05-4.0 16.28 16.28 This work
Fe,05-2.0 3.28 3.28 This work
Fe,03-1.2 2.71 2.71 This work
FeOOH 7.91 3.955 50
NiFe,0, 3.7 7.40 51

?Yield is defined as twice the number of moles of O, per mole of
Na,S,0s.

25

Run 1 Run 2 Run 4 Run 5§

20 b / I'4 A
/
/
/ | ///
“/
|
l
0 0 20 30 40 50

Time (min)

Run 3

—
w
)

0, evolution (pmol)
S

e
1

Fig. 10 Photostability study of Fe,Oz-6.0 in the water oxidation
reaction. Condition: 5.0 mg catalyst, Xe lamp, 300 W, A > 420 nm, 100
mW cm™2, 1.0 mM [Ru(bpy)sl(ClO4),. 20.0 mM Na,$,0g 80.0 mM
sodium borate buffer (initial pH 9.0).

not decrease obviously, indicating Fe,0;-6.0 has excellent cycle
stability. We further analyzed the valence states and surface
properties of the sample Fe,0;-6.0 before and after the photo-
catalytic reaction by XPS. Fig. 11a and (b) show the high-
resolution XPS spectra of Fe 2p and O 1s before and after the
reaction. The binding energy of each element has not changed.
Therefore, we conclude that the superior performance stability
can be ascribed to the stable structure.

The charge transfer kinetics was studied utilizing photo-
current response and electrochemical impedance spectroscopy
(EIS). The photocurrent response curves (Fig. 12a) show an
intensity order: Fe,03-6.0 > Fe,03-4.0 > Fe,03-2.0 > Fe,03-1.2,
demonstrating Fe,05-6.0 with optimal charge separation effi-
ciency. EIS plot (Fig. 12b) discloses Fe,0;-6.0 has the fastest

() Fe 2p|(b) Ols
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g £
5 ]
H 5 —— Before reaction
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= =
—— Before reaction
—— After reaction
700 710 720 730 740 525 530 535 540 545
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Fig. 11 XPS spectra of Fe,03-6.0 before and after photocatalytic
reaction, Fe 2p (a) and O 1s (b).
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Fig. 12 (a) Photocurrent response diagrams of the Fe,Os-x under

visible irradiation; (b) EIS Nyquist plots of the Fe,O3-x.
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Fig. 13 PL spectra of the as-prepared Fe,Oz samples.

electron transport according to the smallest semicircular, cor-
responding to the photocurrent result. For further investigating
the separation and recombination of electron-hole pairs, the
photoluminescence (PL) spectra of the catalysts were recorded
at room temperature. As shown in Fig. 13, a-Fe,O; has a strong
peak near 470 nm which attributed to the excitonic PL spec-
trum.*® The dramatically decreased PL intensity of the a-Fe,O;
samples reflects the higher separation efficiency of photoin-
duced electron-hole pairs and higher photocatalytic activity,*
which can be ascribed to the shorten transportation path of
photogenerated electrons and holes resulting from the reduc-
tion of catalyst size.*®

Conclusions

In summary, we prepared high-index faceted a-Fe,O; with
different sizes in a facile way. We demonstrated that the pho-
tocatalytic oxygen evolution efficiency of a-Fe,O; nanocrystals is
strongly dependent on the size. Moreover, the optimal size and
high-indexed {104} planes endow rhombohedral a-Fe,0; with
excellent water oxidation performance. This study offers
a feasible way for the construction of highly efficient water
oxidation catalysts through the size tuning of high-index
faceted materials.
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