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Abstract In this study, nanocrystalline CoFe,Oy4
particles with porous timber-like superstructure were
synthesized by a modified chemical co-precipitation
route with calcination temperatures of 573, 673, 773,
873, and 973 K, respectively. The structural proper-
ties of the samples were systematically investigated
by X-ray powder diffraction, scanning electronic
microscopy, energy-dispersive X-ray spectra, UV-
Vis diffuse reflectance spectroscopy, and Fourier
transform infrared spectroscopy techniques. The
photo-induced charge separation in the samples was
demonstrated by surface photovoltage (SPV) mea-
surement. The photocatalytic performances of the
CoFe,0, samples were comparatively studied by the
degradation of 4-chlorophenol under Xe lamp irradi-
ation. The results indicated that the sample calcined
at 673 K exhibited the highest photocatalytic effi-
ciency among the five samples.
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Introduction

With the growing interests in the development of
functional materials with unique micro- or nano-
structures, their fabrication methods as well as their
fascinating size- and morphology-dependent proper-
ties are investigated actively (Trindade et al. 2001;
Ayyappan et al. 2009; Bao et al. 2009; Tong et al.
2009). While the materials are produced with charac-
teristic dimensions on nanoscale, such as nanopores,
nano domains or assembled units of nanosheets,
nanowires, etc., they exhibit novel features in various
physical and chemical properties that are never found
with their bulk forms, which are brought about by
the large surface-to-volume ratio, spatially confined
charges and possible surface and quantum effects
originating from the tiny structures (Yoffe 2002;
Roduner 2006; Pileni 2007; Evans et al. 2008; Wang
et al. 2008a, b). Besides, the surface structures of the
nanoparticles, which are vital for their macroscopic
properties, could be further modified by changing the
synthetic conditions or additional post-treatment.
The cubic-spinel-structured cobalt ferrite (CoFe,0,4)
has been widely studied due to its high electromagnetic
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performance (Grigorova et al. 1998), excellent chemical
stability, mechanical hardness, and high cubic mag-
netocrystalline anisotropy. These properties make
CoFe,0,4 materials suitable for many practical applica-
tions such as audio/video tape and high-density digital
recording disks, etc. (Pallai and Shah 1996; Skomski
2003). Some synthetic methods have been developed to
prepare CoFe,QO, ferrites and pure powders, including
sol-gel (Christoskova et al. 2001), micro-emulsion
(Li et al. 2001; Li and Kutta 2003), citrate gel (Yan
et al.1999), precipitation (Rajendran et al. 2001),
polymer complex (Montemayor et al. 2005), hydrother-
mal process (Cabarias and Poliakoff 2001), precursor
techniques (Randhawa 2000; Prasad and Gajbhiye
1998; Li et al. 2004; Liu et al. 2005a; Liu et al.
2005b), alkalide reduction (Mooney et al. 2004),
sonochemical reactions (Shafi et al. 1998), host template
(Pham-Huu et al. 2003; Kommareddi et al. 1996),
combustion method (Yan et al. 1999), and mechanical
alloying (Shi et al. 2000; Manova et al. 2004). Among
these methods, the chemical co-precipitation method is
more favorable for its simplicity and good control of
crystallite size in synthesizing magnetic oxides with
nanostructures. Wang et al. (2008a, b) have reported on
the preparation of nanocrystalline ZnFe,O, by ther-
mal decomposition of ferrioxalate precursor, which
exhibited super-paramagnetic properties at room tem-
perature. The method could be also extended to
synthesize CoFe,0,4 nanocrystals. Nevertheless, other
versatile properties of nanocrystalline CoFe,O, with
timber-like superstructure, such as photoelectric, pho-
tocatalytic, and magnetoelectric functions, etc., still
need further comprehensive exploration for practical
applications.

In this article, nanocrystalline CoFe,O, particles
with porous timber-like superstructure were prepared
by a modified chemical co-precipitation method
along with post-calcinations at 573, 673, 773, 873,
and 973 K to vary their crystallinity as well as their
surface states. Their bulk and surface structures are
systematically characterized. It is demonstrated that
these porous timber-like CoFe,O, nanostructures
possess attractive photoelectric response in the visible
region and remarkable photocatalytic activities in
degradation of environmental pollutants. The perfor-
mance decline for the samples calcinated at higher
temperatures is also elucidated in terms of the surface
structures and crystallite sizes.
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Materials and methods
Materials and regents

The starting materials such as ferrous sulfate
(FeS0O4-7H,0), cobalt sulfate (CoSO,4-7H,O), and
sodium oxalate (Na,C,O4) were purchased from
Aldrich Chemical Company. 4-Chlorophenol (pur-
chased from the National Fine Chemical Laboratory
of DLUT) was used as target compound for degra-
dation. Other chemicals and solvents were of analyt-
ical grade from Aldrich Chemical Company. All the
compounds were used as received without further
purification.

Preparation of catalysts

CoFe,04 nanocrystals with timber-like superstructure
were synthesized by a modified chemical co-precip-
itation method. The starting materials were ferrous
sulfate (FeSO4-7H,0) and cobalt sulfate (CoSOy-
7H,0). Sodium oxalate (Na,C,0O,) was used as the
precipitation materials. Stoichiometric amounts of
0.1 M (100 mL) solution of FeSO4-7H,O and 0.2 M
(100 mL) CoSO4-7H,O were mixed in deionized
water. 0.3 M (25 mL) solution of sodium oxalate
was prepared and added to the salt solution. The
solution was kept at 353 K and allowed to cool slowly
under continuous stirring. Certain amount of oleic acid
was added to the solution as a surfactant. A yellowish
cobalt ferrioxalate precipitate began to appear. The
precipitate was then washed twice with distilled water
and then with ethanol to remove the excess surfac-
tant from the solution. To isolate the supernatant
liquid, the beaker content was centrifuged for 15 min
at 9000 rpm. The separated precipitate was then dried
overnight at 373 K. The precursor was ground into a
fine powder, which was divided into five portions and
heated at 573, 673, 773, 873, and 973 K for 2 h,
respectively, to yield five CoFe,O,4 samples (labeled as
S1, S2, S3, S4, and S5, respectively).

Characterizations of catalysts

The phase compositions and structures of the
CoFe,04 samples were determined by X-ray diffrac-
tion (XRD, RIGAKU, Dmax22000) with Cu Ko
radiation (A = 0.15418 nm) over the 20 range of
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25-80°. Light absorption properties were obtained
using a UV—Vis diffuse reflectance spectrophotome-
ter JASCO, UV-550). The morphology of CoFe,O,
samples was observed by scanning electronic micros-
copy (SEM) with a JSM-6700 LV electron micro-
scope operating at 5.0 kV, and the compositions were
examined by energy-dispersive spectroscopy (EDS)
in the SEM.

The nitrogen adsorption—desorption isotherms
were measured at 77 K on a SA3100 surface area
and pore size analyzer. Samples were degassed in a
vacuum at 200 °C for 3 h prior to each measurement.
The Brunauer—Emmett-Teller (BET) method was
utilized to calculate the specific surface areas Sggr.

The chemical structures of CoFe,O, samples were
characterized by a Fourier transform infrared spec-
trophotometer (BRUKER VERTEX 70 Optics).
Without additional pretreatment, the CoFe,Oy4
powder was sampled and pressed into pellets for test
after mixed with KBr.

Photovoltaic measurements

Surface photovoltage (SPV) measurements were car-
ried out on a lock in-based system, which consists of a
xeon lamp (500 W), a sample cell, a computer-
controlled monochromator (model Omni-A3005) and
a lock-in amplifier (model SR830-DSP) with an
optical chopper (model SR540) running at 20 Hz.
The AC photovoltage signal from the sample was
detected using a sandwich-like structure of ITO/
sample/ITO. The effective overlapping area of the two
electrodes tested here is about 1 cm” for all the
samples. The phase spectra were recorded on a
computer synchronously with the SPV spectra. Cal-
ibration of the system was done to eliminate any ultra-
phase shift that is not correlated to SPV response
(Donchev et al. 2006), so that any phase-retardation
detected is only correlated to the phase of the
modulated light intensity and reflects the kinetics of
developing SPV response. All the SPV measurements
were operated under ambient conditions and at room
temperature. The raw data were not treated further.

Measurements of photocatalytic activities
The photocatalytic oxidation of 4-chlorophenol was

carried out in a single photochemical reaction system
shown in Fig. 1. The initial concentration of the 4-CP

(1) Light irradiation

. Cooling water

Slurry system of CoFe,0, + 4-CP solution

Fig. 1 Schematic of the photochemical reaction testing
system. (/) Power controller, (2) light source of xenon lamp,
(3) magnetic stirrer, (4) quartz photocatalytic reactor

aqueous solution was 20 mg L™' during the experi-
ment. An XQ-500W xenon lamp was used as the light
source. All the experiments were performed with
magnetic stirring. 0.01 g of the as-prepared CoFe,O,
powder was added into a quartz reactor containing
100 mL of 4-CP (C¢H4ClO, 20 mg L") solution.
Before illumination, the suspension was magnetically
stirred in the dark for 30 min to ensure adsorption
equilibrium of 4-CP with the catalyst. After that it was
exposed to xenon lamp irradiation. During the process
of successive irradiation with stirring, 1 mL of the
solution was withdrawn periodically for UV analysis.

Results and discussions
The crystalline phase of the CoFe,O, samples

The crystallinities and phase purities of the
as-prepared precursor and the calcined products were
examined by powder X-ray diffraction (XRD).
Figure 2a shows the XRD patterns of the precursor
and the samples (S1, S2, S3, S4, and S5) after
calcination at different temperatures. The results
show that the final product is CoFe,O, with the
expected inverse spinel structure. The characteristic
peaks of CoFe,O, appearing at 30.7° (with index
number of 220), 36.3° (311), 43.6° (400), 57.9° (511),
and 63.2° (440) reveal the formation of CoFe,O,4. No
other phase was detected. From the broadened XRD
peaks of the (311) using the Scherrer equation
D = 0.89//fcosf, the average sizes of these five
samples are about 8 nm (S1), 12 nm (S2), 14 nm
(S83), 16 nm (S4), and 21 nm (S5). The peak intensity
enhances with increasing calcination temperature,
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which indicates that the calcination temperature plays
a role in the formation of spinel crystal structure and
controlling the crystallite size. Using the Bragg law
(Caizer and Stefanescu 2002), for any cubic system
the relation between angle of diffraction and the
lattice parameter is:

sin®0 = 2% (h* + k> + 1) /4d® (1)

where 0 is the maximum peak position, 4 is the
incident cupper k, wavelength of 1.5418 A(h k)
are the Miller planes and a is the lattice parameter.
The value of sin’0 and h> + k> + I for the CoFe,0,
at different calcination temperatures is plotted in
Fig. 2b, which shows a linear relationship between
the sin’0 and the h* + k* + [* values. The lattice
parameter is calculated from the slope of the curve.
The measured values of lattice constant for the
samples at different calcination temperatures are
about 8.25 A (S1), 823 A (S2), 820 A (S3),
8.19 A (S4), and 8.19 A (S5), which have a little
difference compared to the reported value of 8.39 A
(JCPDS card no. 22-1086). This contrast on lattice
parameter might be due to very high surface energy
for the small-sized particles. Especially for samples
calcined at higher temperature, the diffracted angle is
shifted towards higher angle, which should be
attributed to the decrease in the lattice parameter
(Sun et al. 2004).

The morphology and the specific surface area
of the CoFe,O, samples

The SEM images in Fig. 3 show the morphology of
the CoFe,O,4 samples S1, S2, S3, S4, and S5. The
calcined CoFe,0,4 powders at different temperatures

are all composed of timber-like small rods. The
apparent particle dimensions of the samples are up to
tens of micrometers. The SEM image in Fig. 3a
(sample S1) shows that the surface of the “timbers”
is very smooth, which is different from the other
samples. The SEM images in Fig. 3b—f and the
representative high-magnification SEM images in
Fig. 3g further indicate that the blocks are of porous
structures. It was found that the porous blocks were
formed through the agglomeration of numerous
nanocrystalline CoFe,O, particles.

The successful preparation of CoFe,O, samples is
further demonstrated by the elemental signature in
the EDS spectrum (Fig. 3h). The EDS spectrum
exhibits Co, Fe, and O peaks and also reflects the
atomic ratio of Co, Fe, and O in the prepared sample.

The BET specific surface areas of the CoFe,Oy
samples at the calcination temperatures of 573, 673,
773, 873, and 973 K, are 8.261, 78.96, 26.360,
24.153, and 16.871 m’g™". The sample S2 has larger
specific surface area than the others, which enables it
with larger surface area for adsorption of foreign
species and will lead to higher photocatalytic degra-
dation efficiency. The lowest BET specific surface
area for the sample S1 could be attributed to the low
temperature of calcination, which did not decompose
the precursor sufficiently to form the porous blocks.

The chemical structures of the CoFe,O, samples

Figure 4 shows the FT-IR spectra of S1, S2, S3, S4,
and S5, respectively. The typical metal-oxide vibra-
tion band characteristic of CoFe,O, (543-594 cm™')
correlated with the spinel structure characteristics of
CoFe,0, is observed in the FTIR spectra for all the

Fig. 2 a XRD patterns of
as-prepared precursor (A)
and the calcined CoFe,0Oy4
samples S1 (B), S2 (C),

S3 (D) S4 (E), and S5 (F).
b The linear dependence

of sin0 versus i + k* + I*
of the CoFe,0,4 samples
synthesized under
calcination temperatures

of 573, 673, 773, 873, and i
973 K, respectively. The m

Intensity (au.)

best fit is shown by solid line 30 50 50 5:3
2% (degree)
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Fig. 3 SEM images of S1
(a), S2 (b), S3 (¢, d, @),
S4 (e), and S5 (f). h EDS
pattern of S3

10 um
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Fig. 4 Infrared absorption spectra of S1 (a), S2 (b), S3 (c),
S4 (d), and S5 (e)

calcined samples. The band at 580 cm™' strongly
suggests the intrinsic stretching vibrations of the
Fe—O bond at the tetrahedral site (Selvan et al. 2008;
Randhawa 2000). The intensive broad band at 3432-
3455 cm™' and the less intensive band at 1610-
1655 cm™' are due to O-H stretching vibration
interacting through H bonds (Sangmanee and Maen-
siri 2009). The peak appears at 1345 cm ™", which is
characteristic of C—O-O symmetric stretch (Limaye
et al. 2009).The band at 1110 cm~! are associated
with the C-O-C symmetrical stretching vibration
(Liu et al. 2009). For all the samples, the adsorbed
water molecules (i.e., O—-H bond) (Limaye et al. 2009)
become weaken and even vanish as the annealing
temperature increases.

UV-Vis DRS analysis of the CoFe,0O, samples

The UV-Vis absorption spectra of the CoFe,Oy4
samples S1, S2, S3, S4, and S5 are shown in Fig. 5.
In the whole visible light region, the absorption
intensity of S2 and S3 is increased, which reveals that
S2 and S3 are more sensitive to the visible light than the
other samples. Therefore, a better photocatalytic
capability for S2 and S3 under visible light is expected.

Surface photovoltaic analysis of the CoFe,Oy4
samples

The SPV method is a well-established noncontact
technique for the characterization of semiconductors,
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Fig. 5 UV-Vis absorption spectra of S1 (a), S2 (b), S3 (c),
S4 (d), and S5 (e)

which relies on analyzing illumination-induced
changes in the surface voltage (Kronik and Sapira
1999; Zhai et al. 2000). The obtained SPV amplitude
and phase spectra for these five samples are presented
in Fig. 6a. The sample S2 exhibits distinguished SPV
response, and its performance is evidently higher than
those of the other samples. Unlike the UV-Vis
spectra, which covers all types of photon absorption,
the SPV spectra are only sensitive to the electron
transition-related process and subsequent charges
separation. The higher SPV signal may suggest the
higher separation rate of photo-generated charge
carriers (Liu et al. 2007). As shown in Fig. 6b, the
normalized SPV spectra, S1, S3, and S4 have a
similar SPV onset at about 520 nm with tail extend-
ing to 600 nm, whereas S2 and S5 both have a red
shift of 50 nm with respected to the other three-ones.

The corresponding SPV phase values for S1, S2,
S3, and S4 at wavelengths below 500 nm are around
90° (Fig. 6a, inset) smaller than 180°, which implies
that the photo-generated electrons are accumulated to
the surface of sample upon excitation (Donchev et al.
2006). According to the phase value and the physical
state of powder layer, the diffusion-controlled charge
separation dynamics dominates, which means that
charge separation and surface charge accumulation in
the sample do not reach equilibrium but increasing
with time in an illuminating period under the chopped
light modulation. It could be observed by comparison
that S2 has steady phase retardation on the whole
spectrum, which could be attributed to its faster
photo-induced charges transfer rate between grains
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upon illumination as well as the increased rate of
charge recombination in the dark.

Due to the quantum confinement effect, the
electronic band gaps of the dispersed nanocrystals
in the “timber-like” aggregation of S1, S2, and S3
are widened with respect to S4 and S5, which would
improve the redox activity of their photo-generated
electrons and holes correspondingly. However, for
comparison among the samples on the SPV intensity,
the SPV response by S2 is significantly larger than
the others, and the SPV response for S3 is much
larger than S4 or S5. This difference implies the
charge separation efficiency is the highest for S2, so
that the best photocatalytic activity could be expected
for S2.

The photocatalytic properties of the CoFe,Oy4
samples

The photocatalytic activities of the CoFe,O,4 samples
were evaluated by the photocatalytic degradation of
4-CP solution under xenon lamp irradiation. As can
be clearly seen in Fig. 7, the 4-CP in aqueous solution
can be hardly degraded without catalyst under
illumination. After 120 min of irradiation, the 4-CP
in aqueous solution can be degraded by these
CoFe,0, samples, whereas the degradation ratios of
S1, S2, S3, S4, and S5 are 47.2, 79.2, 70.1, 59.9, and
52.2%, respectively. This result illustrates that S2 has
the highest photocatalytic activities among these
samples. The linear correlation between In (Cy/C))

20
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Fig. 7 The photocatalytic degradation of 4-CP with S1, S2,
S3, S4, and S5 as well as its photolysis without any catalysts

and 1 (C is the initial concentration of 4-CP, C, is the
concentration of 4-CP at time ¢, and k is Kkinetic
constant) suggests a pseudo-first-order reaction in all
the processes. The corresponding kinetic constants
and regression coefficients are given in Table 1.
Under the same experimental conditions, the kinetic
constant of 4-CP photocatalysis with S2 is 2.2 and 1.2
times as large as that of S1 and S5, respectively, and
similar to those of S3 and S4.

According to the above results, S2 could have
more objective substrates at its surface due to its
higher specific surface area. Meanwhile, XRD study
shows that the crystallite size of S1 is smaller than the
others. With the decreasing of the crystallite size, the
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Table 1 Kinetic constants
and regression coefficients
of photocatalytic

Processes

Kinetic R?
constants (k, h™!)

degradation of
4-chlorophenol under xenon
lamp irradiation

(Ip = 71.4 mW cm™?)

Photocatalytic degradation with S3
Photocatalytic degradation with S4
Photocatalytic degradation with S5

Photocatalytic degradation without CoFe,O, catalyst
Photocatalytic degradation with S1
Photocatalytic degradation with S2

0.00396 0.89777
0.02739 0.98811
0.06042 0.99494
0.08641 0.98484
0.06546 0.98378
0.05215 0.98563

band gap of CoFe,O, nanocrystals should be wid-
ened, favoring the redox activity of the photo-induced
charges. But this factor is not the crucial one
determining its photocatalytic activity, as indicated
by the photocatalysis results. The lowest BET
specific surface area for the sample S1 should
account for its poor activity.

The enhanced SPV response and higher photocat-
alytic activity of S2 reveal that the separation
efficiency of photo-induced electron—hole pairs into
charge carriers is much improved, contributing to the
subsequent photocatalytic process significantly. The
photo-generated holes with longer lifetime would
have more opportunity to oxidize the substrate before
re-combination with the electrons. Therefore, the
porous CoFe,O, with timber-like superstructure cal-
cined at 673 K exhibits the higher photocatalytic
activity than the other samples calcined at higher
temperatures.

Conclusions

In summary, nanocrystalline CoFe,O, particles with
porous superstructure were prepared by a modified
chemical co-precipitation method along with post-
calcinations. These porous CoFe,O, particles possess
attractive photovoltage response in the visible region
and remarkable photocatalytic activities in degrada-
tion of 4-CP. The porous timber-like superstructure is
corresponding to the well spatial dispersion of the
constituent nanocrystals, which ensures the adsorp-
tion capability and higher photo-induced reactivity.
The performance decline for the samples calcinated
at higher temperatures is due to the loss of specific
surface area. The optimized performance in surface
photovoltage response and photocatalytic degradation
of environmental pollutants could be obtained for the

@ Springer

sample with calcination at proper temperature, such
as 673 K. The nanocrystalline CoFe,0O,4 particles with
porous superstructure investigated here could be
potentially applied in environmental purification and
solar energy harvest in the near future.
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