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Pure phase, regular shape and well crystallized nanorods of p-type semiconductor CaFe,0, have been
fabricated for the first time by a facile molten salt assisted method, as confirmed by XRD, TEM, SEM
and HRTEM. UV-vis diffuse reflectance spectra and Mott-Schottky plots show that the band structure
of the CaFe,04 nanorods is narrower than that of the CaFe,04 nanoparticles synthesized by conventional
method. The enhancement of the visible-light absorption is due to narrowness of the band gap in CaFe,;04
nanorods. The appropriate ratio between the molten salt and the CaFe,0,4 precursors plays an important
role in inhibiting the growth of the crystals along the (201) plane to give the desired nanorod mor-
phology. This work not only demonstrates that highly pure p-type CaFe,0, semiconductor with tunable
band structure and morphology could be obtained using the molten salt strategy, but also affirms that
the bandgap of a semiconductor may be tunable by monitoring the growth of a particular crystal plane.
Furthermore, the facile eutectic molten salt method developed in this work may be further extended to

fabricate some other semiconductor nanomaterials with a diversity of morphologies.
© 2016 Science Press and Dalian Institute of Chemical Physics. All rights reserved.

1. Introduction

Efficient separation of photogenerated charges serves as the
driving force for the photocatalytic reactions, which is crucial for
achieving high photocatalytic activity [1]. Fabrication of p-n junc-
tion photocatalysts is one of the ideal approaches to separate pho-
togenerated charges [2,3]. Unfortunately, though various kinds of
n-type semiconductors have been well studied, p-type semicon-
ductors are still rare in study, nevertheless to say fabrication of
efficient p-n junction photocatalysts. In order to develop p-n junc-
tion photocatalysts, it is necessary to develop and study p-type
semiconductors [4].

CaFe,0,4 is a p-type semiconductor (with band gap ~2.0eV)
composed of earth-abundant elements. Because it is inexpensive
and environmentally friendly, CaFe,04 has been widely investi-
gated for various applications, such as pigments [5], absorbent of
hydrogen sulfide for hot-gas cleaning [G], heterogeneous catalyst
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[7,8], photocatalyst for CO, reduction and degradation of pollutants
[9-13] as well as photocathode material for photoelectrochemical
hydrogen production [14-18]. However, controllable synthesis of
highly pure CaFe,04 crystals with specific morphology has not
been reported so far. It is well known that the nanomaterials with
specific morphologies, such as nanowires [19], nanorods [20] and
nanobelts [21], may give remarkably different physical and
chemical properties compared to the corresponding nanoparticle
counterparts [22,23]. Tailor control of the morphology may render
exposure of high-reactive crystal facets [24-26], well-aligned
nano-architecture to provide short or fast pathway for transfer
of charge carriers at a particular directions [27-30], and efficient
inhibitation of photogenerated charge recombination to lead to
enhanced photocatalytic and photovoltaic performances [31-33].
The morphology control of calcium ferrite-type compounds still
remains a great challenge. For the preparation of CaFe,0, with-
out regular shape, solid-state reaction and polymerizable complex
are the two commonly used methods [13,34-37]. However, to the
best of our knowledge, there have been no reports on the control-
lable synthesis of CaFe,0, nanomaterials with regular morphol-
ogy. Here, we report for the first time that well defined CaFe,04
nanorod crystals could be synthesized via a facile polymerizable
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Fig. 1. (a) XRD patterns of CaFe,04 samples synthesized with different amounts of molten salt, and (b) the relative intensity ratios of the diffraction peaks (201)/(320) and

(200)/(320).

complex method in a eutectic mixture of NaCl and KCl molten salt.
The introduction of the molten salt gives great benefit in nanorod
morphology control by inhibiting the growth of the specific crystal
plane.

2. Experimental
2.1. Preparation of the materials

Fe(NO3)3-9H,0 (98.5%) and Ca(NO3),-4H,0 (99%) were pur-
chased from Aladdin Industrial Corporation. Ethylene glycol
(>99.0%), citric acid (>99.5%), NaCl (>99.5%) and KCl (>99.5%)
were purchased from Sinopharm Chemical Reagent Co., Ltd. All of
the reagents were used as received without further purification.

CaFe;04 nanorods were prepared by polymerizable complex
method in a molten salt of NaCl and KClI mixture. In a typical
experiment, Ca(NO3),-4H,0 (4.723 g) and Fe(NO3)3-9H,0 (16.160 g)
were stirred and dissolved in deionized water (20 mL) containing
citric acid (8.406 g) at room temperature, followed by addition of
ethylene glycol (8 mL) to yield a transparent solution. The reaction
mixture was dried at 80 °C for 12 h to evaporate water. Subsequent
polyesterification at 130 °C for 12 h followed by pyrolysis at 350 °C
for 2h gave solid CaFe,O4 precursor, which was divided into
several portions and blended with NaCl and KCl (molten salt)
in the molar ratios of 1:0:0, 1:1:1, 1:3:3, 1:5:5 and 1:7:7. The
thoroughly ground samples were then loaded into a high purity
alumina crucibles and heated in air at 900°C for 5h in a muffle
furnace. After washed with boiling deionized water for several
times to remove any residual salt, the products were dried in an
oven at 80°C overnight. The final products prepared as the above
molar ratios of CaFe,0,4 precursor to molten salt components are
denoted as CFO-0, CFO-1, CFO-3, CFO-5 and CFO-7, respectively.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku
RINT-2200 diffractometer equipped with a CuKo radiation source
operating at a voltage of 40kV and a current of 20mA. The
morphologies of the samples were examined by scanning electron
microscopy (SEM) on a Hitachi SU-8020 cold field emission instru-
ment. High-resolution transmission electron microscopy (HRTEM)

images were taken on a JEOL JEM-2100 microscope at 200KkV.
UV-vis diffuse reflectance spectra (UV-vis DRS) were recorded
on a UV-vis spectrophotometer (JASCO V-750) equipped with an
integrating BaSO, sphere. Thermogravimetry (TG) and derivative
thermogravimetry (DTG) were carried out on a Diamond TG/DTA
apparatus.

The Mott-Schottky plots were measured in a conventional
three-electrode glass cell mode on an electrochemical workstation
(CHI660A, Shanghai Chenhua Instruments, China). The thin films
of the CaFe,0,4 samples prepared by electrophoretic deposition
method were used as the working electrodes. Pt plate and a sat-
urated calomel electrode (SCE) were used as the counter electrode
and the reference electrode, respectively. A 0.5 M Na,SO,4 solution
was used as the electrolyte.

3. Results and discussion
3.1. Crystal structure and morphology

Fig. 1(a) shows the XRD patterns of the synthesized CaFe,04
samples. It can be seen that all of the samples exhibit diffrac-
tion peaks corresponding to the orthorhombic phase CaFe,04
(JCPDS-32-0168). No observation of significant impurity peaks is
an indication that the synthesized CaFe,04 samples are in high
quality. For comparison, the (320) peak was used as the internal
standard to normalize all of the XRD patterns and the peak in-
tensity ratios of (201)/(320) and (200)/(320) are plotted as shown
in Fig. 1(b). No obvious changes in (200)/(320) intensity ratio are
observed for all five samples, indicating that molten salt does
not affect the growth of the CaFe,0,4 on this direction. However,
it is evident that the intensity ratio of (201)/(320) dramatically
decreases with the increase of the molten salt. Increasing the
amounts of the added molten salt during synthesis by decreasing
the CaFe,04 precursor/NaCl/KCl molar ratio from 1:0:0 to 1:7:7
results in the decrease of the (201)/(320) intensity ratio from 0.64
for CFO-0 to the minimum value of 0.25 for CFO-5. This strongly
suggests that the growth of the CaFe,04 crystals along the (201)
plane is largely inhibited with the increase of the amount of the
NaCl-KCl molten salt. Furthermore, such inhibitation of crystal
growth towards a particular direction seems to have optimal
conditions, as is evident from the trend that further increase in
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Fig. 2. SEM images of (a)-(c) CFO-0 CaFe,0, particles prepared in the absence of molten salt, and (d)-(i) CFO-5 CaFe,0, nanorods prepared in the presence of molten salt.

the amount of the molten salt leads to slight increase of the
(201)/(320) peak intensity ratio to 0.33 for CFO-7.

Fig. 2 shows the typical SEM images of CFO-O and CFO-5
samples. The irregularly shaped particles of CFO-0 can be observed
in Fig. 2(a)-(c). Due to serious aggregation, the particle size of
CFO-0 ranges from hundreds of nanometers to several microme-
ters. However, the CFO-5 sample synthesized in the presence of
the molten salt exhibits significantly different morphologies. As
shown in Fig. 2(d)-(g), CFO-5 shows nanorod-like structure with
widths in the range of 200-500 nm and the lengths up to a few
micrometers. And as shown in the typical SEM images of some
representative single rods (Fig. 2h and i), most of the CaFe,04
nanorods are very straight and uniform with smooth surfaces,
although some of the nanorods are slightly agglomerated.

The microstructure and lattice parameters of the synthesized
CFO-5 sample were further examined by TEM and HRTEM. The low
magnification TEM images of the typical single CaFe,0,4 nanorods
(Fig. 3(a) and (b)) have smooth surfaces, which is in good accor-
dance with the SEM results. The width of the nanorods is about
350 nm and 250 nm, respectively, which is also consistent with the
observation by SEM in larger scales. The HRTEM image of the side
surface of the CaFe,04 nanorod (corresponding to the area marked
with a yellow square in Fig. 3(b) is presented in Fig. 3(c). The aver-
age lattice spacing is well defined to be 0.27 nm, indicating that

the side of the nanorod is the (320) plane of the orthorhombic
CaFe, 04 single crystals.

3.2. Determination of the band structure

The UV-vis diffuse reflectance spectra (DRS) of CFO-0 and
CFO-5 are shown in Fig. 4(a), and it can be seen that both of
the samples show efficient visible light absorption. In order to
determine the exact bandgap energies of the CaFe,04 samples,
extrapolation of the plots of the (ahv)?vs. photon energy (hv)
was performed in Fig. 4(b), which was converted from DRS spectra
based on the following formula [38,39]: ahv:A(hvEg)”/Z, where
a, h, v, A, and Eg are the absorption coefficient, Planck constant,
light frequency, constant value and bandgap energy, respectively.
The index n depends on the transition characteristic of a semi-
conductor, that is, direct transition (n = 1) or indirect transition
(n = 4). The best fit of (¢hv)?vs. Eg is obtained only when n is
1, implying that the direct transition across the energy bandgap
is allowed. So the bandgap energies of the synthesized CaFe,04
materials are evaluated by the interception of the tangents to
the X-axis. Thus, the bandgap energies of CFO-0 and CFO-5 were
determined to be 1.89 eV and 1.82 eV, respectively.

The flat-band potentials (Eg,) of CFO-0 and CFO-5, which re-
flect the band positions of semiconductors, were determined by
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Fig. 5. Mott-Schottky plots of the CFO-0 and CFO-5 samples. Inset: the photograph
of CaFe,04 electrodes used for the electrochemical measurements.

Mott-Schottky plots (Fig. 5) recorded in 0.5M Na,SO4 solution.
Both CFO-0 and CFO-5 show negative slopes in the Mott-Schottky
plots, indicating p-type character of the materials [40]. The Eg,
of CFO-0 and CFO-5 is obtained by the extrapolation of the
Mott-Schottky plots of C2vs. E using the following equation:
1/Csc? =2(EEgk Te)/essoNp [41], where Cs is the space charge ca-
pacitance per unit surface area of the semiconductor, E is the ap-
plied potential, Eg, is the flat-band potential, « is the Boltzmann
constant, T is the temperature in Kelvin, e is the electronic charge
unit, ¢ is the dielectric constant of the semiconductor layer, ¢q is
the permittivity of the vacuum, and Np is the donor density. When
1/C? is zero, the obtained X-intercept equals to Eg,. Thus the esti-

mated Eg, of CFO-5 is ca. 0.76V vs. SCE at pH 7, which is more
positive than that of CFO-0 by ca. 0.04 V. For a p-type semicon-
ductor, the Eg, lies very close to the top of the valance band VB)
[42]. Therefore, the VBs are roughly estimated as the same as the
flat-band potentials for easy comparison, i.e., the VBs of CFO-0 and
CFO-5 are approximately 0.72V and 0.76 V (vs. SCE at pH 7), re-
spectively (The actual VBs should be slightly more negative than
these values).

Hence, the entire band structure of the synthesized materi-
als could be plotted as shown in Fig. 6. It can be seen that the
bottom of conduction band (CB) and the top of VB lie around -
0.93 and 0.96V for CFO-0 and -0.82 and 1.00V for CFO-5, respec-
tively (all of the potentials are normalized to NHE, E (vs. NHE)=E
(vs. SCE)+0.24 V). Overall, the CFO-5 sample has slightly narrower
bandgap compared to that of the CFO-0, which is beneficial for the
visible light absorption. It should be noted that the CB of CFO-5 is
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Fig. 7. TG/DTG curves of (a) pure CaFe,0,4 precursors to CFO-0, and (b) the mixture of CaFe,0,4 precursors and NaCl-KCl binary molten salt (1:5:5) to CFO-5.

ca. 0.11V more positive than that of the CFO-0 but both of which
values are negative enough to reduce proton; while the VB poten-
tial of CFO-5 is only ca. 0.04V more positive than that of CFO-0,
which means that both of the samples cannot oxidize water. The
differences in band potential and band gap of CFO-0 and CFO-5
samples may be originated from the different exposure ratios of
the (201) plane as shown in the previous section. Similar phe-
nomenon was also reported by Yang et al., who suggested that the
shift of CB potential of the rutile TiO, nanorods is largely due to
the variation of the exposed facets [43].

3.3. The effect of the molten salt on the growth of the CaFe,04
nanorods

To understand the effect of the molten salt on the growth
mechanism of CaFe,04 nanorods, TG/DTG analyses (Fig. 7) were
carried out for the typical samples of CFO-0 and CFO-5. The ther-
mal degradation of the pure CaFe,0,4 precursors without molten
salt occurs in three processes as indicated by the TG/DTG curves
(Fig. 7(a)). The first process of weight loss (~5%) with maximum
at ca. 78°C is in the range of 50°C to 150°C, which corresponds
to the release of adsorbed water molecules. The main weight loss
(~30%) occurs in the second process between 250°C and 500 °C
with three peaks at 319 °C, 405 °C and 453 °C, which may be ac-
countable for the decomposition of the polymeric chains. Further
increase of the temperature results in the removal of the residual
polymers and pyrolysis products, as indicated by the third weight
loss of about 10% between 500 °C and 650 °C. The tiny weight loss
above 650°C was also observed, which might be due to further
crystallization of the CaFe,04 nanoparticles.

However, the TG/DTG curves of the CaFe,0,4 precursors in the
presence of NaCI-KCl molten salt to give CFO-5 (Fig. 7(b)) are quite
different compared to those of the CFO-0. Though the DTG curve
below 650°C is similar to that of CFO-O with the three weight
loss processes which is an indication that the addition of molten
salt does not change the basic processes in this temperature range,
the overall weight loss below 650°C is not as significant as that
of CFO-0 (Fig. 7(a)) which might be due to presence of much less
CaFe,0,4 precursors. However, significant weight loss was observed
when the temperature was increased to above 700 °C, as evidenced
by the appearance of sharp DTG peaks between the temperature
of 700°C and 1000 °C. Considering that the melting point of eu-
tectic salt medium of NaCl and KCl with a molar ratio of 1:1 is
around 658 °C [44], the weight loss above 700 °C can be attributed
to the gradual volatilization of NaCl and KCl [45]. The maximum

rate of the weight loss is at ca. 800°C as indicated by the DTG
curve, while the center of the weight loss between 700 °C-1000°C
is at ca. 900 °C, the exact temperature of which was applied for the
crystallization of the CaFe,04 nanorods.

The comparison of the overall DTG curves also indicates that
the weight loss for the formation of CFO-5 mainly occurs at
high temperature above 650°C, while that for the formation of
CFO-0 at temperature below 650°C. The TG/DTG study also re-
veals that 900 °C is the optimal crystallization temperature for the
synthesis of the CaFe,04 nanorods. That is, accompanying with
gradual melting and volatilization of NaCl and KCl, orthorhombic
phase CaFe,04 nanorods begin to grow and crystallize, and finally
well-aged at temperature of 900 °C. Obviously, the molten salt of
NaCl and KCl mixture plays an important role in the preparation
of CaFe,04 nanorods. Detailed mechanism for the formation of
CaFe,;04 nanorods is not clear yet [44], but our primary experi-
mental results give some meaningful clues. Firstly, the NaCI-KCl
molten salt with low viscosity may provide a fluent liquid phase
to improve the mobility of seed crystals during the nucleation and
growth of nanorods [46]. Secondly, the Na*, K* and Cl~ ions disso-
ciated from the molten salt can be selectively adsorbed on the sur-
face of CaFe,04 seed crystals and thus change the energy of crystal
surface [47], resulting in the formation of CaFe,04 nanorods along
the defined planes. The possible formation pathway of CaFe,04
nanorods is illustrated in Fig. 8.

4. Conclusions

In this study, p-type semiconductor CaFe,04 nanorods with a
width of 200-500 nanometers and a length of a few micrometers
are successfully synthesized using a NaCl-KCl binary eutectic
molten salt. Compared to CaFe,04 nanoparticles synthesized with
conventional polymerized complex method, CaFe,O4 nanorods
synthesized with molten salt method exhibit improved visible-
light absorption capacity. It was proposed that the narrowness of
the bandgap of the CaFe,04 nanorods compared to the CaFe,04
nanoparticles might be due to inhibiting the growth of the former
along the (201) plane. In the meantime, a possible molten salt
assisted mechanism for the growth of the CaFe,04 nanorods is
proposed based on the experimental results. This work not only
demonstrates a new avenue for the controllable synthesis of
nanorod shaped semiconductors, but also affirms that the bandgap
of a semiconductor may be tunable by monitoring the growth of
a particular crystal plane. Furthermore, the facile eutectic molten
salt method developed in this work may be further extended to
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fabricate some other semiconductor nanomaterials with a diversity
of morphologies. Photocatalytic H, production reactions by loading
appropriate cocatalysts, as well as fabrication of p-n junction
photocatalysts for overall water splitting with the synthesized
CaFe,04 nanorods are in the progress.
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