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ABSTRACT: Herein, a new group of visible light
photocatalysts is described. Iron(III) oxides could be
promising visible light photocatalysts because of their small
band gap enabling visible light excitation. However, the
high electron−hole recombination rate limits the yield of
highly oxidizing species. This can be overcome by reducing
the particle dimensions. In this study, metal−organic
frameworks (MOFs), containing Fe3-μ3-oxo clusters, are
proposed as visible light photocatalysts. Their photo-
catalytic performance is tested and proven via the
degradation of Rhodamine 6G in aqueous solution. For
the first time, the remarkable photocatalytic efficiency of
such Fe(III)-based MOFs under visible light illumination
(350 up to 850 nm) is shown.

Photocatalysis is a proven, useful approach to solve
environmental issues such as air and water pollution.

Since the pioneering work of Fujishima and Honda in 1972,
much research has focused on semiconductor-based photo-
catalysts and photocatalytic processes using titanium dioxide
(TiO2).

1 Although TiO2 is stable, reactive, and available at
relatively low cost, it only absorbs ultraviolet (UV) light
because of its large band gap. This has stimulated researchers to
develop novel materials with a reduced band gap to enhance
the response to the more abundant visible light photons.
Doping TiO2 with organic or inorganic compounds to enhance
the optical response to the visible light is a popular strategy.2,3

Nevertheless, the resulting materials often have limited stability
or suffer from an increase in charge carrier recombination
which is detrimental to the catalytic performance. Therefore, a
number of semiconductors, often oxides, with a visible light
response, such as WO3,

4 BiVO4,
5 and Fe2O3,

6 have been
evaluated as alternatives. Based on its abundance, stability,
nontoxic nature, and much smaller band gap, iron(III) oxide in
particular is a promising candidate for the development of
efficient solar photocatalysts. However, iron(III) oxide has one
significant drawback: its photocatalytic performance is limited
by the high recombination rate of the photogenerated charge
carriers.7 To minimize electron−hole recombination, hydrogen
peroxide or Fe3+-ions have been proposed as sacrificial agents
to scavenge the photoelectrons.8,9 Alternatively, the fast
recombination can be overcome by downsizing the photo-
catalytic particles, thus enabling the charge carriers to effectively
reach the reactants adsorbed at the surface.10,11 In relation to

the latter approach, metal−organic frameworks (MOFs) are
very interesting materials. MOFs are porous, crystalline
inorganic/organic solids built up from metal(oxide) clusters
interconnected by polydentate organic linkers.12−14 For
example, MOFs can consist of Fe(III)-oxide clusters, linked
together in three dimensions by organic linkers. Several MOFs
are known that contain Fe3-μ3-oxo clusters as a structural motif,
with a great variety in topology and pore sizes depending on
the organic linker and preparation conditions used. Thanks to
the small size of the Fe3-μ3-oxo cluster, limited recombination
and thus a high photocatalytic activity could be expected in
such MOFs. Research on the photocatalytic properties of
MOFs has started recently. The group of Garciá has reported
UV photocatalytic activity in MOF-5.15,16 Titanium and
zirconium based MOFs, respectively MIL-125 and UiO-66,
have also been shown to be UV photoactive.17,18 However,
because of the lack of visible light response, these materials
would show limited efficiency under solar illumination. An
opportunity to tune these optical properties lies in the
modification of the organic linkers, yielding an elevated visible
light response. In this context, Gascon et al. reported on the
effect of modifying the linker properties to lower the overall
band gap of MOF-5.19 Moreover, visible light photocatalytic
activity can be introduced via linker substitution with an amino
group.18,20,21

In this study, we use small iron(III) oxide clusters as the
inorganic nodes in hybrid photocatalytic materials. These
clusters show inherent absorbance of visible light and are
efficiently separated from one another due to confinement in a
metal−organic framework. Screening of their activity was done
via the photocatalytic degradation of an organic dye (Rhod-
amine 6G) in an aqueous solution under visible light
illumination. The obtained performances were compared to
those of the commercial titanium dioxide photocatalyst P25,
obtained from Evonik, and an iron(III) oxide (Fe2O3)
nanopowder supplied by Sigma-Aldrich. One iron(III)-based
metal−organic framework was also commercially obtained and
will be referred to by its commercial name, Basolite F300. The
other iron(III)-based MOFs were synthesized according to
literature procedures: MIL-100(Fe),22 amino-substituted MIL-
101(Fe),23 MIL-88B(Fe), and amino-substituted MIL-88B-
(Fe).24,25 Furthermore, an amorphous gel with a similar
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composition as amino-substituted MIL-101(Fe) was synthe-
sized and will be referred to as Fe(III)-aminogel.26 The
chemical composition of each of the used MOF photocatalysts
is listed in the Supporting Information (SI), section 2.1.
The optical response of the photocatalytic materials was

investigated by diffuse-reflectance UV−vis spectroscopy. Figure
1 represents the reflection spectra of the studied photocatalysts.

From these spectra it is obvious that all of the iron(III)-based
solids in this study have a clear optical response in the visible
light region. This is in contrast with the commercial UV active
titanium dioxide sample, P25 (blue curve). The Fe(III)-MOFs
can absorb photons with energy equal or higher than their
HOMO−LUMO gap, comparable to the band gap of
traditional semiconductor based photocatalysts, such as TiO2.
The maximum wavelength that can be absorbed by the different
materials in this study ranges from 400 nm for P25 up to about
825 nm for the amino-substituted MIL-88B(Fe) and Fe(III)-
aminogel. The values are listed in the SI (section 2.3).
To assess the photocatalytic activity of these iron(III)-based

solids, the degradation of a 100 μM Rhodamine 6G (Rh6G)
aqueous solution was selected, as its degradation can easily and
quantitatively be monitored via its fluorescence intensity.
Furthermore, Rh6G was chosen because of its high stability
against spontaneous photobleaching in the absence of a
photocatalyst. Before the photocatalytic assays were started,
the samples were stirred in the dark in order to reach the
adsorption equilibrium. The photocatalytic wavelength-depend-
ent screening experiments were performed by illuminating the
samples with monochromatic light. To map the activity of a
certain material throughout the UV and visible light spectrum,
the monochromatic excitation light (1−7 mW) was varied
between experiments (350 ± 5 nm, 450 ± 5 nm, 550 ± 5 nm,
650 ± 5 nm, 750 ± 5 nm, and 850 ± 5 nm). While illuminating
the sample, the fluorescence of Rh6G near the emission
maximum, at 570 nm, was monitored for 1 h. At wavelengths
where direct excitation to measure the fluorescence was not
possible (650, 750, 850 nm), the emission of Rh6G was
measured every 4 min to monitor its degradation. Typically, the

fluorescence of Rh6G shows an exponential decay in time,
which can be expected because of the formation of side
products which compete for photocatalytic degradation (e.g.,
Figure 2). These decay curves allow us to quantify the Rh6G
degradation.

The fluorescence emission of the photostable Rh6G in the
absence of a photocatalyst (Figure 2, black) shows only very
minor photobleaching. Nonetheless, the photocatalytic degra-
dation is always corrected for this small amount of photo-
bleaching. It was also observed that after stirring in the dark the
samples adsorb part of the Rh6G molecules, which results in a
lower starting concentration of the Rh6G solution for the
photocatalytic reactions. No sorption or intracrystalline
diffusion of Rhodamine 6G in the used MOFs is expected
because of the typical pore sizes of the materials used. Hence,
dye adsorption will only occur at the outer surface of the MOF
particles.
As expected, the commercial TiO2 photocatalyst P25 shows

no photocatalytic degradation of Rh6G when illuminated with
550 nm. However, similar visible light stimulation of Basolite
F300 and Fe(III)-aminogel results in a considerable degrada-
tion of Rh6G in aqueous solution. The photocatalytic Rh6G
degradation rates, measured as a function of the illumination
wavelength and averaged over 1 h, are summarized in Figure 3.
To relate these results to photocatalytic activities under solar
illumination the data are corrected for the number of photons
at the different wavelengths illuminating the sample compared
to the relative number of photons present in the solar spectrum
(ASTM G173-03). Furthermore, the data are normalized for
the number of metal atoms present in each photocatalyst. The
photocatalytic degradation can be related to different pathways.
Next to the direct photocatalytic degradation of Rhodamine 6G
molecules adsorbed at the photocatalyst, photogenerated
electron−hole pairs can generate highly oxidative species such
as hydroxyl radicals and superoxide anions. These mobile
radicals will indirectly degrade the Rhodamine 6G molecules in
the surrounding solution.
Figure 3 clearly shows remarkably high visible light

photocatalytic activity for most iron(III) oxide based MOFs
compared to the UV-responsive P25 reference catalyst. For the
commercial Fe2O3 nanopowder, no photocatalytic activity
could be observed for the system under study, which indicates

Figure 1. Diffuse reflectance spectra of P25 (blue), Fe2O3 (gray), MIL-
100(Fe) (orange), Basolite F300 (red), MIL-88B(Fe) (pink), amino-
substituted MIL-88B(Fe) (dark red), amino-substituted MIL-101(Fe)
(light green), and Fe(III)-aminogel (green). The black curve
represents the relative solar spectrum (ASTM G173-03).

Figure 2. Visible light photocatalytic degradation of Rhodamine 6G
when illuminated at 550 nm as a function of time: without
photocatalyst (black) and in the presence of P25 (blue), Basolite
F300 (red), and Fe(III)-aminogel (green).
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that fast electron−hole recombination is the dominant process
under these experimental conditions.7 The different Fe(III)-
MOF samples all display clear visible light photocatalytic
activity. The highest overall visible light photocatalytic activity
was measured for the metal−organic framework MIL-88B(Fe).
MIL-88B(Fe) is composed of Fe3-μ3-oxo clusters intercon-
nected by oxidation-stable terephthalate linkers resulting in a
3D network. Since the linker does not absorb any visible light,
the Fe3-μ3-oxo cluster in the MOF is responsible for the visible
light absorption and the associated photocatalytic activity.
Therefore, homogeneous iron(III) acetate clusters were
investigated as a possible reference.27 However, no photo-
catalytic activity was measured under similar conditions. This
could be a result of the low stability of such clusters in the
presence of water.28 Structuring these clusters in the extended
network of a MOF results in higher cluster stability. Another
metal−organic framework consisting of the same clusters, but
with a different linker and topology, is MIL-100(Fe). In this
MOF, the clusters are interconnected by trimesic acid in three
dimensions. MIL-100(Fe) also exhibits visible light photo-
catalytic activity; however, the photocatalytic activity at green
and red wavelengths is lower than that of MIL-88B(Fe). This
indicates that not only the cluster but also the linker and the
framework topology of the MOF determine the overall
photocatalytic activity. As stated in the introduction, iron
oxide clusters packed too close to each other (like in Fe2O3) are
disadvantageous regarding recombination. Furthermore, a
commercial MOF, Basolite F300, was measured. Although
Basolite F300 and MIL-100(Fe) have a similar chemical
composition, differences in crystallinity (Basolite F300 reveal
poor crystallinity compared to MIL-100(Fe)) could result in
differences in (photo)catalytic performance.29 However, the
differences in photocatalytic activities obtained in this study are
within the margin of error. From these results, it is concluded
that high crystallinity is not necessarily a requirement to obtain
good photocatalytic activity. We expect that the stability of the
local order of the Fe3-μ3-oxo clusters is crucial to generate
reasonable photocatalytic activity. Moreover, the diffusion of
the reactive species (vide supra) may be hindered by a long-
range order. For a good Fe(III)-MOF photocatalyst, a balance

between local and long-range order in the photocatalytic
particles is expected to be beneficial.
Linker modification has been proven to be beneficial for UV-

active MOF photocatalysts based on titania or zirconia clusters
regarding visible light photocatalytic activity in the blue part of
the solar spectrum.18,20,21 From the DRS measurements it can
be concluded that the amino-substituted Fe(III)-MOF
materials show a higher optical response in the visible light
region compared to similar MOFs with nonsubstituted linkers.
The influence of this enhanced visible light absorption on the
visible light photocatalytic activity was investigated by testing
amino-substituted MIL-88B(Fe) and amino-substituted MIL-
101(Fe) (Figure 4). Both crystalline structures consist of the
above-mentioned Fe3-μ3-oxo cluster interconnected by amino-
terephthalic acid.

In contrast to what was expected, amino-substituted MIL-
88B(Fe) does not display higher visible light photocatalytic
activity compared to the unsubstituted MIL-88B(Fe); its
activity is in general even lower than that of MIL-88B(Fe).
The same trend was observed for amino-substituted MIL-
101(Fe). This observation indicates that the amount of light
absorption is not directly related to the photocatalytic activity.
In general, molecular interactions and dynamics in the
photocatalyst influence the activity, which in turn will be
influenced by linker substitution. However, an amorphous gel
with the same chemical composition of amino-substituted MIL-
101(Fe), namely Fe(III)-aminogel, displayed higher visible light
photocatalytic activity compared to its crystalline analogue
amino-substituted MIL-101(Fe). This further supports our
assumption that crystallinity is not essential for a good
iron(III)-based photocatalyst. Moreover, it indicates that an
amorphous morphology with, however, a local order around
the Fe3-μ3-oxo clusters may be favorable under certain
conditions.
For applications of heterogeneous (photo)catalysis, it is

important that the photocatalytic material is stable under the
experimental conditions. The stability of the solid photo-
catalytic MOFs used, under the harsh conditions of the

Figure 3. Photocatalytic Rh6G degradation (normalized per metal
atom) at selected wavelengths. The relative solar spectrum (ASTM
G173-03) is shown in the background.

Figure 4. Photocatalytic Rh6G degradation (normalized per metal
atom) at selected wavelengths. The relative solar spectrum (ASTM
G173-03) is shown in the background.
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photocatalytic experiments, was examined by X-ray diffraction
after 24 h of UV illumination (11 mW) and stirring in a
temperature-controlled photoreactor. The diffractograms of
MIL-100(Fe), MIL-88B(Fe), and amino-substituted MIL-
88B(Fe) show that the crystallinity of these materials is
reasonably maintained (Figure S2), resulting in the assumption
of a stable structure. However, for amino-substituted MIL-
101(Fe) a loss of crystallinity was observed, showing lower
stability in comparison with the other investigated MOFs. In
addition, since preservation of crystallinity is not definitive
proof for stable materials, the dye solution was also investigated
with an element analysis (ICP-AES; see SI, section 2.4.1) after
reaction. From these tests we can conclude that negligible iron
leakage (<0.3%) occurred during all photocatalytic experi-
ments.
In conclusion, Rhodamine 6G was successfully photocatalyti-

cally degraded under visible light illumination with different
iron(III)-based metal−organic frameworks which consist of
Fe3-μ3-oxo clusters. It was observed that crystallinity over
extended length scales is not required to yield an effective
photocatalyst, as the amorphous materials, with only a local
order around the Fe3-μ3-oxo clusters (Basolite F300 and
Fe(III)-aminogel), also show significant photocatalytic activity.
In the case of the Fe(III)-based MOFs in this study, amino-
substitution of the linker did not result in enhanced
photocatalytic activity. Further development of this new class
of visible light photocatalysts will require a better under-
standing of the photochemical mechanisms in Fe(III)-MOF
materials and the crucial structural parameters controlling their
photocatalytic activity.
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