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α-Ferrous oxalate dihydrate: a simple coordination
polymer featuring photocatalytic and photo-initiated
Fenton oxidations
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ABSTRACT  As a kind of efficient photocatalyst, coordina-
tion polymers (CPs) have gained much attention in recent
years. However, their safety issue and time-consuming syn-
thesis impede their practical application. Here in this pa-
per we first demonstrate the facile synthesis and photocat-
alytic degradation performance of 1D α-ferrous oxalate dihy-
drate (α-FOD), which is one of the simplest CPs. A unique
two-pathway photocatalytic mechanism which combines tra-
ditional photocatalytic and photo-initiated Fenton oxidations
has been proposed. The excellent photocatalytic performance
and cost-effective fabrication make α-FOD a new promising
candidate for the photocatalytic degradation of organic pol-
lutants in practical applications.
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INTRODUCTION
Semiconductor-based photocatalysis has attracted world-
wide attention since the discovery of photo-induced water
splitting on TiO2 electrodes [1]. One of its important ap-
plications is to purify water and air by thoroughly miner-
alizing organic compounds into less toxic/nontoxic small
molecules [2–5]. Numbers of classic semiconductors such
as TiO2 [6–8], ZnO [9–11], WO3 [12–14], Cu2O [15], Ta2O5

[16] and g-C3N4 [17,18] have been broadly studied and ap-
plied in the degradation of organic pollutants. However,
these photocatalysts often suffer from drawbacks such as
non/poor visible-light response, high-cost, low photo-sta-
bility, etc. Thus researchers have been looking for novel
photocatalysts, which are expected to have better availabil-
ity in practical applications.

As an emerging family of crystalline inorganic-organic
hybrid materials, coordination polymers (CPs), in which

metal ions/clusters are linked by organic ligands to form ex-
tended networks, have been demonstrated to be a new kind
of very promising photocatalyst in recent years [19–27].
The greatest advantage of CPs as photocatalysts is their di-
verse skeletons and electronic structures which can be tai-
lored by selecting various types of metal ions and bridg-
ing ligands, making them possible for initiating a variety of
specific photocatalytic reactions [28]. In addition, a great
number of them are visible-light responsive and have good
photo-stability. However, the commonly used solvother-
mal method which involves the use of autoclaves and slow
diffusion process in fabricating existing CP photocatalysts
is unsafe and time-consuming, making the practical appli-
cation of these photocatalysts difficult [23]. In addition, the
structure of these well-established CP photocatalysts is al-
ways complicated, which will make the exploration of the
nature of their photocatalytic performance difficult. Thus
it is of great significance to develop a CP photocatalyst with
simple structure by a cost-effective fabrication process.

EXPERIMENTAL SECTION

Material preparation
FeSO4·7H2O (>99%) and (NH4)2C2O4·H2O (>99.5%) were
purchased from Sinopharm Chemical Reagent Co. Ltd.
and used without further purification. In a typical syn-
thesis procedure, FeSO4·7H2O (0.01 mol) was dissolved in
70 mL deionized water and 0.015 mol of (NH4)2C2O4·H2O
was dissolved in 20 mL deionized water at 60°C, respec-
tively. Then the latter solution was added dropwise into
the former solution under magnetic stirring, during which
a yellow precipitate formed. The suspension was stirred
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for another 2h at 80°C. The resultant precipitate was then
centrifuged, washed with deionized water and ethanol, and
dried at 60°C in air overnight.

Characterization
X-ray diffraction (XRD) patterns were recorded on a
Rigaku Ultima IV diffractometer. Fourier transform in-
frared (FT-IR) spectra were obtained with Nicolet iS10
FTIR spectrometer. Transmission electron microscopy
(TEM) images were obtained with a transmission electron
microscope (JEM-1400). Scanning electron microscopy
(SEM) image was obtained on a field emission scanning
electron microscope (FEI Magellan 400). Brunauer-Em-
mett-Teller (BET) surface area was measured at a Mi-
cromeritics Tristar 3000 system. UV-vis diffuse reflectance
spectra were performed on a Shimadzu UV-3600 spec-
trophotometer. Photoluminescence (PL) spectrum was
performed on a Shimadzu RF-5301 spectrometer. The
concentration of iron ions was analyzed by an inductively
coupled plasma optical emission spectroscope (ICP-OES)
instrument (Agilent 725). pH was detected by a Leici
PHSJ-4F pH meter.

Theoretical calculations
The electronic structure calculations were performed by
using the density-functional theory (DFT) as implemented
in the plance-wave-basis-set VASP code [29]. The energy
cutoff for the plane-wave expansion was set to 520 eV. Pro-
jector augmented wave potentials were used to describe the
electron-ion interaction [30]. TheCeperley andAlder form
of local density approximation [31] is used for exchange
and correlation. A Hubbard model U correction [32] is in-
corporated for the d electrons to give a better description
of this strongly correlated system. The U parameters used
for Fe is 4.08 eV. The Brillouin-zonewas sampled according
to the Monkhorst-Pack scheme using a Γ centered k-point
mesh of 5×10×6 for a conventional unit cell of α-FOD.

Electrochemical analysis
The working electrode was obtained by an electrophoretic
depositionmethod [33]. In detail, 40mg of α-FODwas sus-
pended in 30 mL acetone solution containing 20 mg iodine
under ultrasonic treatment. The deposition was conducted
with a two-electrode process at the applied bias of 10 V for
5 min, where both electrodes were fluorine doped tin oxide
substrates (the surface area coated in the solution is 1.5 cm
×2 cm). The resultant electrodewas then dried at 100°C for
4h. Electrochemical measurements were conducted with
a CHI 760 electrochemical workstation in a conventional

three electrode cell, using a Pt plate and an Ag/AgCl elec-
trode as counter electrode and reference electrode, respec-
tively. An aqueous solution of 0.2 mol L−1 Na2SO4 was cho-
sen as the supporting electrolyte and was purged with N2

to remove O2 before any measurements. The photocurrent
experiments were carried out under 0.4 V vs. Ag/AgCl.

OH• measurements
40 mg of the photocatalyst was suspended in 100 mL 0.1
mol L−1 acetate buffer (pH 5.5) containing 20 mg tereph-
thalic acid. Before exposure to light, the suspensions were
stirred in the dark for 30 min. A 300 W Xe lamp equipped
with a specific optical cut-off filter (λ > 280 nm for UV-vis
light and λ > 420 nm for visible light) was chosen as the
light source. About 3.5 mL of the solution was removed
after 10-min reaction and filtered for fluorescence spec-
troscopy measurements. The excitation light wavelength
used in recording fluorescence spectra was 320 nm.

Photocatalytic degradation experiment
Rhodamine B (RhB) photodegradation was conducted by
adding 100 mg photocatalyst into 100 mL of 10 mg L−1RhB
aqueous solution. A 300 W Xe lamp equipped with a spe-
cific optical cut-off filter (λ > 280 nm for UV-vis light and
λ > 420 nm for visible light) was chosen as the light source.
The suspensions were stirred in the dark for 1 h to estab-
lish an adsorption-desorption equilibrium before irradia-
tion. During the photodegradation, about 3.5 mL of the
suspension was collected at a regular interval. After filtra-
tion, the absorbance of the solution was detected by a Shi-
madzu UV-3600 spectrophotometer.

RESULTS AND DISCUSSION
Ferrous oxalate dihydrate (Fe(C2O4)·2H2O, hereafter ab-
breviated as FOD), so-called humboldtine in mineralogy,
is one of the simplest CPs [34]. It has two polymorphs:
α-FOD and β-FOD. The α-FOD which was assigned to
monoclinic space group C2/c with Z = 4 (unit cell: a =
12.011 Å, b = 5.557 Å, c = 9.920 Å, β = 128.53º) [35] is a
more stable phase at standard temperature and pressure
(STP). Its crystal structure consists of one-dimensional
(1D) chains composed of Fe2+ and oxalate units, where the
oxalate acts as a bridging ligand. Each Fe2+ is additionally
coordinated to two water molecules, resulting in a dis-
torted octahedral MO6 environment (Fig. 1a) [36]. It can
be precipitated from a ferrous salt solution mixed with ox-
alic acid or ammonium oxalate, which is a very simple and
cost-effective fabrication process. Figs S1a and S1b show
the XRD pattern and FT-IR spectrum of the as-synthesized

575 
© Science China Press and Springer-Verlag Berlin Heidelberg 2016

SCIENCE CHINA Materials ARTICLES



Figure 1    (a) Structure of the 1D molecular chain in α-FOD. Fe atoms are shown in grey, oxygen in red, carbon in black, and hydrogen in white; (b)
calculated electronic band structures for the unit cell of α-FOD crystals.

α-FOD, respectively, which agree well with the literature
data [37]. TEM and SEM images (Fig. S2) of the α-FOD
demonstrate its irregular cuboid-shaped morphology of
about 2–5 μm in size. The BET surface area determined by
nitrogen adsorption-desorption analysis (Fig. S3) is rather
low at 1.3 m2 g−1. In addition, it is insoluble in water: the
concentration of Fe2+ in α-FOD suspension (0.1 g α-FOD
dispersed in 100 mL water) is only 11.5 mg L−1 at room
temperature.

The UV-vis absorption spectrum in Fig. 2a shows typical
semiconductor optical characteristics for α-FOD. There are
two absorption bands. The band at around 210 nm can be
attributed to charge transfer absorption, while the band lo-
cated at around 360 nm is assigned to 5T2g→5Eg absorption.
The PL spectrum (Fig. 2b) gives two corresponding emis-
sion peaks centred at about 360 and 470 nm, respectively.

The band gap of α-FOD determined by a classical Tauc ap-
proach [38] (Fig. S4) is 2.17 eV. To analyze the electronic
structure of α-FOD,DFT calculationswere carried out (Fig.
1b). The calculated band structure reveals a direct band gap
of 1.13 eV at the Γ point, which is 1.04 eV smaller than the
experimental value. The pronounced band gap underesti-
mation in semiconductors is a well-known defect in DFT
calculations [39].

The photocurrent measurements in Fig. 3a confirmed
the semiconductor characteristic of α-FOD. The photocur-
rent under UV-vis light is higher than that under visible
light due to its high proportion of high-energy photons. It
is known that the photocatalytic oxidation and reduction
abilities of semiconductors are determined by their valence
and conduction band, respectively [40,41]. To determine
the  band  gap  structure  of  α-FOD,  the  electrochemical

Figure 2    (a) UV-vis absorption spectrum of α-FOD and (b) PL spectrum (excitation wavelength = 220 nm) of α-FOD suspension.
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Figure 3    (a) Periodic on/off photocurrent response of α-FOD under UV-vis (λ > 280 nm) and visible light (λ > 420 nm) irradiation; (b) PL spectra
(excitation wavelength = 320 nm) of 2-hydroxyterephthalic acid in α-FOD suspension after 10-min UV-vis and visible light irradiation; time course of
RhB degradation on α-FOD under UV-vis (c) and visible light (d) irradiation.

Mott-Schottky plot was obtained. Fig. S5 reveals a typ-
ical n-type characteristic of α-FOD. The flat-band poten-
tial (equivalent to the potential of conduction edge for an
n-type semiconductor [42]) is determined to be 0.18 V vs.
normal hydrogen electrode (NHE). The valence edge po-
tential is then calculated to be 2.35 V by using the formula
Eg = Ev − Ec (Eg: band gap, Ev: VB potential, Ec: CB poten-
tial). According to its conduction edge potential, α-FOD
should be unable to drive a number of important photore-
duction reactions like fuel evolution by water/carbon diox-
ide reduction. However considering the position of its va-
lence edge potential (Fig. 4a), the oxidation potential of
photo-generated holes in α-FOD is large enough to oxidize
OH− to OH•, which is the most active species in degrading
organic pollutants.

To further verify the existence of OH• in α-FOD-based
photocatalytic system, here a widely used method for OH•

detection was adopted. It is known that OH• can react
with terephthalic acid (a non-fluorescent agent) to gener-
ate 2-hydroxyterephthalic acid, which can emit an intense
fluorescence signal with its peak centred at ca. 426 nm un-
der UV-light excitation (Fig. S6) [43]. As shown in Fig. 3b,
an obvious fluorescent signal related to TAOH can be ob-
served in α-FOD suspension under bothUV-vis and visible
light irradiation, confirming the generation of OH• during
photocatalytic process.

RhB is a very common probe pollutant used to evaluate
the photooxidation ability of photocatalysts. Figs 3c and d
show the RhB photodegradation on α-FOD under UV-vis
and visible light illumination, respectively. The RhB un-
dergoes pronounced decomposition and can be thoroughly
decomposed under both UV-vis and visible light illumina-
tions. The photocatalytic activity of α-FOD does not show
pronounced decrease after three cycles (Fig. S7). In ad-
dition, the XRD patterns of α-FOD before and after pho-
todegradation also remain unchanged (Fig. S8), demon-
strating its good photostability. Generally, the photooxi-
dation capability of a photocatalyst in anaqueous system is
contributed by photo-generated holes and OH• species. In
terms of the electronic potential of α-FOD and electrode
potential of relevant redox couples (Fig. 4a), the photo-
generated holes and hole-derived OH• should make con-
tributions to the photooxidation performance of α-FOD.
In addition, H2O2 can be generated by the reaction: O2+
2H++2e−→H2O2 (Fig. 4a) under the initiation of photo-in-
duced electrons at the conduction band, which will enable
a free radical chain reaction with the Fe2+ ions, i.e., Fen-
ton reaction, in bulk α-FOD or in solution, thus a con-
siderable quantity of OH• species can be generated from
the Fe2+/H2O2 pairs in acidic environment (pH 5.7 in this
α-FOD system). This famous Fenton reaction has been
widely applied in organic pollutant  degradation  [44–46],
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Figure 4    (a) Electronic potential diagram of α-FOD and electrode potentials of related redox couples. (b) Proposed reaction mechanism for the pho-
tocatalytic degradation of RhB aqueous solution over α-FOD-based system.

and therefore would undoubtedly enhance the photocat-
alytic activity in oxidizing the dye in the present α-FOD-
based photocatalytic system. Based on discussions above,
the catalytic mechanism is illustrated in Fig. 4b. Sim-
ply speaking, there are two catalytic paths: one is tradi-
tional photocatalytic oxidation and the other is photo-initi-
ated Fenton oxidation. The unique composition of α-FOD
makes it one of the most unique photocatalysts combining
these two catalytic oxidation paths without introducing any
additional reagents such as most-frequently used hydrogen
peroxide.

CONCLUSION
In summary, α-FOD was discovered to be the simplest co-
ordination polymer photocatalyst. It shows excellent pho-
tocatalytic performance in organic pollutant degradation.
The structural and electronic characteristics were inves-
tigated in detail. Based on the electronic structure and
composition analysis of α-FOD, a unique catalytic mecha-
nism combining two paths including traditional photocat-
alytic oxidation and photo-initiated Fenton oxidation was
proposed. The excellent photocatalytic performance and
cost-effective fabrication makes it a promising candidate
for photocatalytic pollutant degradation in practical appli-
cations. In future, in order to achieve enhanced photocat-
alytic performance or broaden its photocatalytic applica-
tions, further research can be focused on the morphology
and structure control by the strategies such as nanoscaling,
doping and coupling with other photocatalysts.
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二水合草酸亚铁: 一种兼具光催化氧化和光芬顿氧化能力的配位聚合物
樊向前, 张玲霞*, 李孟丽, 王敏, 周晓霞, 程若霖, 周亚君, 施剑林*

摘要   最近,配位聚合物作为一种引人注目的光催化剂已经引起了很多研究者的兴趣. 但是危险耗时的制备方法使它的应用受到了限制.
本文采用便捷的制备方法合成了一种简单的线性配位聚合物“二水合草酸亚铁”,并证实了其光催化降解染料的活性和能力. 同时,我们
提出了一种独特的结合了传统光催化氧化和光Fenton氧化的双途径催化氧化机理. 二水合草酸亚铁优异的光催化性能及其经济简单的合
成方法, 使其有望成为一种有效的降解有机染料的光催化剂.
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