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ABSTRACT

This study explores the nature, dynamics, and reactivity of the photo-induced charge separated excited state in a Fe3+-doped titanium-based
metal organic framework (MOF), xFeMIL125-NH2, as a function of iron concentration. The MOF is synthesized with doping levels x = 0.5, 1
and 2 Fe node sites per octameric Ti-oxo cluster and characterized by powder x-ray diffraction, UV-vis diffuse reflectance, atomic absorption,
and steady state Fe K-edge X-ray absorption spectroscopy. For each doping level, time-resolved X-ray transient absorption spectroscopy
studies confirm the electron trap site role of the Fe sites in the excited state. Time scan data reveal multiexponential decay kinetics for the
charge recombination processes which extend into the microsecond range for all three concentrations. A series of dye photodegradation
studies, based on the oxidative decomposition of Rhodamine B, demonstrates the reactivity of the charge separated excited state and the
photocatalytic capacity of these MOF materials compared to traditional heterometal-doped semiconductor photocatalysts.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0174664

I. INTRODUCTION

Materials that exhibit visible light-induced, long-lived charge
separation, while possessing a high density of catalytic sites, offer
promise as efficient photocatalysts in solar energy applications. This
collection of properties is rare however, since small band gap mate-
rials with high loading percentages of redox active catalytic sites that
participate in the initial rapid charge separation step also tend to
yield fast charge recombination rates that compete with more desir-
able electron transfer processes. Metal-organic frameworks (MOFs),
as potential photocatalysts, offer chemical and structural tunability
for incorporating high densities of accessible catalytic sites and tai-
lored optoelectronic properties. MOFs are self-assembled, porous,
solid state materials composed of metal-based nodes connected
in a crystalline network by organic linkers through coordination
bonds.1–5 The presence of transition metal centers with multiple sta-
ble oxidation states and linker sites that can accommodate excited
state electron transfer are key ingredients for promoting photocat-
alytic behavior in these materials. Furthermore, linker functionality

and metal node site composition can be altered as a means of tuning
the electronic structure and promoting long-lived charge separation
behavior for a range of photocatalytic reactions.6–8

MIL-125-NH2 is a titanium-based MOF, containing octameric
metal-oxo clusters connected by aminoterephthalate linkers.9,10

Photo-induced linker-to-metal cluster charge transfer (LMCCT)
leads to reversible Ti4+/Ti3+ redox conversion at the metal node
sites within the framework. Much like the doping strategies used
for bandgap engineering in semiconductor materials like TiO2,11–14

analogous modifications of Ti-based MOFs can alter their absorp-
tion energies and photo redox properties while attempting to avoid
high rates of charge recombination.15–19 The amino linker func-
tionality in MIL-125-NH2 for example, effectively red shifts the
LMCCT absorption band into the visible region compared to that of
MIL-125, the originally reported, isostructural framework with the
non-aminated version linker.9 This and other reported linker sub-
stituents fundamentally tune the overall electronic structure of the
MOF by modifying the occupied orbital set,15,17 leaving the unoccu-
pied orbitals localized on the Ti-oxo nodal cluster primarily intact.
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As suggested by theoretical and experimental investigations,16,18,20

metal cluster composition adjustments should modify these unoc-
cupied frontier orbitals, and therefore the reductive potential of
the photoexcited MOF.15,21 To demonstrate this handle for tuning
electronic structure, we recently reported an iron-doped version of
MIL-125-NH2, [MIL-125-NH2(Ti,Fe)] in which Ti centers within
the nodal cluster were substituted with Fe3+ sites using a direct
synthesis method.22 This initial investigation, which targeted a dop-
ing level of 1 Fe site per cluster, confirmed its coordination at
metal-oxo node sites and direct participation in the photoinduced
charge separation process. Following LMCCT excitation, the photo-
excited electron subsequently localized onto the Fe3+ sites, generat-
ing long-lived transient Fe2+ species. This electron trap site behav-
ior was revealed by Fe K-edge X-ray transient absorption (XTA)
spectroscopy, which allows element-specific observation of laser-
induced electronic structure changes. XTA has become an important
investigative tool for probing the photophysics of molecular23–33 and
solid-state34–37 metal-based systems, including other Fe-containing
MOFs.38,39 XTA spectra can reveal transient electronic and geo-
metric structure changes of the absorbing element of interest upon
optical laser excitation of the material, while time scan measure-
ments collected at fixed X-ray probe energies provide associated
kinetic data.

In this paper, the nature and dynamics of the photo-induced
charge separated excited state in xFeMIL125-NH2 are investigated as
a function of Fe-doping level, x. Fe K-edge XTAmeasurements con-
firm transient electronic reduction of the framework-located Fe sites
up to the synthetically accessible doping limit of ∼2 Fe sites per clus-
ter. Composite XTA time scan data reveal detailed multiexponential
decay kinetics of the charge recombination process extending from
the ps to μs time range. The utility of the proposed electron trap
site in photocatalytic applications is demonstrated by a series of
dye photodegradation studies. Photodegradation of organic dyes is
often used to demonstrate the photocatalytic activity of heterostruc-
ture semiconductor40–44 and MOF materials.18,45–48 For the chosen
benchmark reaction, photodecomposition of Rhodamine B dye,
the Fe-doped MOFs outperformed both MIL125-NH2(Ti) and Fe-
doped TiO2 nanoparticles as traditional semiconductor photocata-
lysts with comparable heterometal content, which has encouraging
implications for MOF photocatalysis design strategies.

II. METHODS
A. Materials

Anhydrous methanol and dimethylformamide (DMF) sol-
vents were further dried over molecular sieves prior to use.
Anhydrous FeCl3, Rhodamine B, Acetonitrile, 2-aminoterephthalic
acid, Cetyltrimethylammonium Bromide and Titanium (IV) tert-
butoxide were used without further purification. Titanium dioxide
reference materials were synthesized following literature procedures
(see supplementary materials for details).

B. Synthesis
MIL125-NH2 was synthesized following literature procedures18

with minor modifications. Briefly, 0.504 g of aminoterephthalic acid
dissolved in 12.1 ml of dry DMF and 1.4 ml of dry methanol were
added under the flow of nitrogen to a Schlenk flask containing

0.26 ml of Titanium (IV) tert-butoxide. After sonicating for
30 minutes, a spatula tip of Cetyltrimethylammonium Bromide sur-
factant was added to the mixture, which was then placed in a Teflon
lined autoclave and heated to 150 ○C for 24 h. Once the autoclave
had cooled, the MOF suspension was removed and centrifuged
at 3000 rpm for 20 min. The solvent supernatant was decanted
and replaced with fresh DMF and methanol. This washing proce-
dure was repeated three times before final isolation of the MOF
solid. The isostructural MOFs with different target Fe concentra-
tions, xFeMIL125-NH2 were synthesized using a similar procedure22
except that stoichiometric amounts of anhydrous iron (III) chloride
(7.7, 15.4, or 30.8 mg for x = 0.5, 1 and 2 Fe per cluster, respec-
tively) were also dissolved in the DMF solvent prior to addition to
the Schenk flask under the flow of nitrogen.

C. Characterization
Powder X-ray diffraction was measured using a Rigaku Mini-

flex 6G benchtop powder x-ray diffractometer. UV-vis diffuse
reflectance spectroscopy (DRS) was measured using a Cary Varian
UV–visible–NIR spectrophotometer equipped with a Harrick Sci-
entific Praying Mantis accessory for measuring DRS of powder solid
state samples. The iron content in the xFeMIL125-NH2 MOF sys-
tems was assessed using a Thermo Scientific iCE 3000 series atomic
absorption spectrometer. To prepare samples for AA characteriza-
tion, MOF samples were activated at 120 ○C under vacuum for ∼16 h
to remove residual DMF solvent prior to digestion in a 20 ml 1:3:6
volumetric ratio solution of 30% hydrogen peroxide, 95% sulfuric
acid and water.

D. X-ray transient absorption spectroscopy (XTA)
XTA measurements were carried out at 11-ID-D beamline at

the Advanced Photon Source (APS) at Argonne National Lab. The
400 nm laser pump source was obtained from the second harmonic
generation of an 800 nm Ti:Sapphire laser with a 10 kHz repe-
tition rate, and 1.6 ps Full Width Half Maximum (FWHM). The
x-ray probe pulses were extracted from the APS storage ring under a
24-bunch fill pattern, which consists of 24 singlet pulses with pulse
widths of 79 ps and 6.5 MHz repetition rate (i.e. 153.5 ns X-ray pulse
spacing). The 400 nm laser pulses were synchronized with respect to
the X-ray pulse train. Each liquid suspension sample of the MOF in
acetonitrile had ∼3.5 mM Fe concentration. Prior to measurement,
the suspension samples were first sonicated for 30 min followed
by one hour settling time to separate the larger aggregates. The
suspension was then decanted into the jet reservoir for circula-
tion and measurement. The final Fe concentration estimated based
on the APD signal amplitude was less than 1 mM. The samples
were purged with nitrogen and continuously flowed through the
750 μm diameter jet at a rate of 0.65 ml per second.

The detailed description of the experimental setup and data
acquisition procedure has been previously reported.49 Briefly, flu-
orescence photons from the sample were collected by two avalanche
photodiodes (APDs). A third APD detector collecting elastic scat-
tered X-ray photons was placed near the incoming X-ray beam
path and was used as a normalization detector. A multiple X-ray
probe data acquisition technique is applied that allows to resolve
and record all individual X-ray pulses between two laser excitation
pulses. Therefore, a large number of time-resolved XAS spectra can
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be acquired simultaneously, with the corresponding time delay ti

(i is an integer) of the spectra data set given by the equation:

ti = t0 + iTX (1)

Where Tx is the X-ray pulse spacing (153.5 ns under APS 24 bunch
mode) and t0 is the time delay of the X-ray pulse closest to the laser,
also called the synchronization X-ray pulse. Because of the dilute
Fe concentration, a Single Photon Counting (SPC) data acquisition
(DAQ) scheme is used.

XAS spectra with the corresponding time delay ti > 0 are des-
ignated as “laser on” spectra. XAS spectra from 10 X-ray pulses
arriving before the laser excitation were averaged to create the “laser
off” spectrum. XTA difference spectra were generated by subtract-
ing “laser off” spectrum from “laser on” spectra at different delays.
XAS data were also collected in the absence of laser excitation (i.e.
physically blocked laser light) using the sum of all x-ray bunches to
generate ground state spectra. Time scans were generated by mon-
itoring the XTA difference signal at fixed energy, 7.121 keV while
varying t0 from − 3 to 153.5 ns (i.e. x-ray pulse spacing). The time
scan data associated with subsequent x-ray pulses (i > 0) following
the synchronized bunch were used to generate longer time kinet-
ics. Beyond the first 24 pulses (i = 0 to 23), the kinetic data from
24 bunches were binned to generate a single averaged time point
to increase signal-to-noise at later times. The kinetic traces were fit
using a multiexponential decay function convoluted with a gaussian
instrument response function with a fixed FWHM equal to the 79 ps
x-ray pulse width.

E. Photochemical dye degradation studies
5 mg of MOF were suspended in 20 ml of a 3 × 10−5M Rho-

damine B aqueous solution. The mixture was left to soak for two
hours in darkness before photoirradiation by an Optical Building
Blocks parabolic reflector xenon arc lamp focused to a spot size of
10 mm diameter. A 400 nm long wave pass colored glass filter and
an immersed dielectric IR blocking filter (∼700 nm cutoff) were both
inserted in the path of the light beam to limit excitation to the vis-
ible wavelength region. The power of the filtered lamp light at the
sample was recorded as 1.8 W. For wavelength selective RhB degra-
dation experiments, an additional “315–445 nm” bandpass filter was
also inserted; or the 400 nm long wave pass filter was replaced with
a 550 nm long wave pass filter. The IR blocking filter was used for all
irradiation wavelength ranges. The spectra of the resulting filtered
irradiation wavelength ranges (400–475 nm and 550–700 nm), mea-
sured by an Ocean Optics fiber optic spectrometer, are overlaid with
representative DR spectra of the MOF with and without adsorbed
RhB dye in Fig. S8. The power was adjusted to be the same for
two irradiation wavelength ranges (230 mW measured at the sam-
ple focal point). For comparison, the photodegradation reactions
were also measured using the full 400–700 nm wavelength range
with this lower power (see Fig. S10). For all measurements, sus-
pension samples in glass scintillation vials were placed within the
focused light beam and irradiated over the course of 300 min with
constant stirring. At regular intervals, 0.5 ml aliquots were retrieved
from the vial, and passed through a syringe filter to remove resid-
ual suspended photocatalyst prior tomeasurement. Fixed irradiation
time experiments were performed as well and involved 30 min of

continuous irradiation with 400–685 nm light, followed by centrifu-
gation of the suspension sample at 1500 rpm for 5 min. For all
experiments, the supernatant aliquot was collected and measured by
UV-vis spectroscopy. The efficiency of dye degradation was quanti-
fied by measuring the change in absorbance at the peak of the dye
absorption band (554 nm).

III. RESULTS AND DISCUSSION
A. Characterization

The MIL125-NH2 framework and its Fe-doped versions,
0.5FeMIL125-NH2, 1FeMIL125-NH2 and 2FeMIL125-NH2 were
first characterized by powder x-ray diffraction (PXRD), diffuse
reflectance (DR), and atomic absorption (AA) spectroscopy. PXRD
[Fig. 1(a)] verified the single-phase crystallinity of the Ti-based
framework and the Fe-loaded versions up to the maximum doping
level of ∼2 Fe atoms per cluster. Attempts to introduce higher load-
ing percentages during MOF synthesis were unsuccessful and led
to the production of amorphous product. AA analysis of the three
Fe-loaded MOFs determined iron weight percentages of 1.87%,
3.42% and 6.64% which translate to 0.57, 1.02 and 1.99 Fe sites per
Ti-oxo cluster, respectively, and therefore closely match the target Fe
doping levels. The diffuse reflectance spectra of MIL125-NH2 and
the Fe-doped versions, shown in Fig. 1(b), all display an absorp-
tion band with peak maximum just below 400 nm that extends into
the visible wavelength region. This band has been assigned to a n
to π∗ transition involving the amino linker with additional ligand
to metal cluster charge transfer (LMCCT) character.10,22 Notably,
increased absorption of the visible wavelength shoulder relative to
the main 400 nm peak is observed upon increased Fe content.
While the assignment of this shoulder is not definitive, its enhance-
ment may arise from LMCT transitions with direct involvement
of the Fe sites, ligand field Fe d-d transitions, or a combination
of both. Steady state XAS spectra collected in the absence of laser
excitation are shown in Fig. S3. All three Fe-doped MOFs display
nearly identical spectra, consistent with that we previously reported
for 1FeMIL125-NH2,22 indicating analogous 3+ oxidation state and
local coordination geometry of the Fe dopants, confirming their sub-
stitution for Ti in octahedrally coordinated metal oxo cluster sites of
the MOF, in each case.

B. XTA results
The XTA spectra for the 1FeMIL125-NH2 system collected at

pre-time zero (“laser off”) and at 100 ps time delay (i.e., nomi-
nal time zero, denoted “laser on”) are shown in Fig. 2 along with
the XTA difference spectra obtained at this and later time delays.
A significant shift in the rising edge towards a lower energy is
observed between the laser on and laser off spectra. The change
is exemplified by the XTA difference spectra measured at pos-
itive time delays, which exhibit the characteristic derivative like
shape associated with an edge shift to lower energy. These spec-
tral changes are consistent with our previously reported results for
this framework obtained using the hybrid fill pattern for the X-ray
probe22 and denote the presence of transiently reduced iron sites
upon photoexcitation. The persistence of the difference signal into
the microsecond time range provides evidence that photoinduced
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FIG. 1. (a) PXRD patterns and (b) Normalized DR spectra of MIL125-NH2, 0.5FeMIL125-NH2, 1FeMIL125-NH2, 2FeMIL125-NH2.

LMCCT leads to long-lived charge separation through the localiza-
tion of the electron onto these metal sites within the MOF clusters.
All three iron doping concentrations exhibit similar XTA spectral
trends (0.5FeMIL125-NH2 and 2FeMIL125-NH2 are shown in Fig.
S4 in the supplementary material), signifying that the long-lived
charge separation is preserved even at higher doping levels.

Using the standard operating mode for the X-ray probe (i.e.,
24-bunch fill pattern that contains X-ray bunches spaced at 153 ns
intervals) allowed us to map more accurately and efficiently the
decay over several decades of time delays. Time scans collected
by monitoring the XTA difference signal at 7.121 keV for each
Fe concentration sample are shown in Fig. 2 (and Fig. S5 in the
supplementary material). The kinetic data associated with all 24
bunches over the course of six orbits following the synchronized
bunch/orbit were combined to give the total kinetic trace to 22 μs.

Table I summarizes the results of the kinetic fits achieved
using a multiexponential decay model with an amplitude shelf, A∞
at long delay times. Following fast photoinduced charge separa-
tion that localizes electrons on the Fe sites, the decay in each case
arises from the recombination of these electrons with the linker-
located holes. The multiple lifetime components of this decay, which
span the ps to microsecond time range, are not surprising given
the range of potential charge recombination pathways in these

frameworks. The long delay time shelf for each system indicates the
preservation of the charge-separated excited state beyond the mea-
surable delay time range, far into the microsecond time regime.
While similar decay trends are observed across all three iron
doping levels, the weighted average decay lifetime obtained for
2FeMIL125-NH2 is slightly shorter and its amplitude shelf at long
delay time is significantly lower than those observed for the 0.5Fe
or 1FeMIL125-NH2 frameworks. These observations are consistent
with the higher rate of charge recombination expected with an
increased number of iron sites and therefore higher probability of
electron-hole recombination. Compared to doped semiconductor
materials like TiO2, theseMOF clusters appear able to accommodate
a far higher heterometal dopant concentration before charge recom-
bination processes start to curtail the lifetime of the charge-separated
excited state. In contrast, doped semiconductors like Fe-doped TiO2,
reportedly undergoes rapid charge recombination at dopant concen-
trations above only 1%.50,51 While the mechanism in this material
is likely quite different, with the Fe sites potentially serving as both
electron, Fe2+ and hole, Fe4+ traps, the trend remains: when com-
parably high Fe doping levels are involved, the charge separated
excited state lifetime in Fe-doped TiO2 is drastically reduced com-
pared to that in the Fe-doped MOFs reported here. The XTA mea-
surements show that long lived charge separation is preserved for

TABLE I. Fitting parameters for the xFeMIL125-NH2 XTA kinetics.

0.5FeMIL125-NH2 1FeMIL125-NH2 2FeMIL125-NH2

A1 0.290 ± 0.036 5 0.367 ± 0.367 0.242 ± 0.017 5
τ1 0.000 97 ± 0.000 21 μs 0.000 97 ± 0.000 1 μs 0.000 52 ± 0.000 08 μs
A2 0.258 ± 0.039 0.169 ± 0.020 9 0.291 ± 0.019 6
τ2 0.010 6 ± 0.002 74 μs 0.019 0 ± 0.006 45 μs 0.006 38 ± 0.000 79 μs
A3 0.116 ± 0.014 9 0.146 ± 0.016 1 0.173 ± 0.010 7
τ3 0.396 ± 0.106 μs 0.463 ± 0.109 μs 0.233 ± 0.028 4 μs
A4 0.193 ± 0.008 95 0.180 ± 0.008 24 0.197 ± 0.005 65
τ4 8.13 ± 1.312 μs 8.77 ± 1.519 μs 7.84 ± 0.755 μs
τavg a 1.89 ± 0.311 μs 1.91 ± 0.336 μs 1.76 ± 0.170 μs
A∞ 0.104 ± 0.009 27 0.092 7 ± 0.009 69 0.054 9 ± 0.005 75
aWeighted average of the four lifetime components.
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FIG. 2. Top: laser off (black) and laser on (grey) XTA spectra of 1FeMIL125-NH2 along with corresponding XTA difference spectra obtained at nominal time zero and
subsequent time delays. Bottom: XTA kinetic data collected at 7.121 keV with multiexponential fits for 0.5, 1, and 2FeMIL125-NH2. Kinetic data are normalized to their
respective maxima.

Fe-doped MIL125-NH2, even at Fe concentration levels as high as
nearly 7%.

C. Photodegradation of Rhodamine B dye
The photochemical degradation of Rhodamine B in the

presence of Fe-doped MIL125-NH2 demonstrates the correlation
between the charge separated excited states with increased number
of electron (and hole) trap sites and their ultimate reactivity. This
reaction serves as a convenient benchmark as it has been used to test
the photoreactivity of otherMIL125-NH2-basedMOFmaterials.45,48

Here, the depletion of Rhodamine B in the presence of different pho-
tocatalysts under visible light irradiation is monitored by UV-vis
spectroscopy. As shown in Fig. 3 and Table II, the Fe-containing
MOFs led to a marked decrease in dye concentration, with increased
degradation efficiency tracking with increased Fe content, while the
Fe-TiO2 nanoparticle reference photocatalysts elicited far slower
rates of dye depletion. Undoped MIL125-NH2 also exhibits dye
degradation behavior, nearly on par with that of 0.5FeMIL125-NH2
but is significantly less effective than the 1Fe and 2Fe per cluster
doped MOFs. This demonstrates that the addition of iron sites into
the framework has a substantial effect on the electronic structure,

and as previously hypothesized, the presence of accessible Fe trap
sites allows for much more efficient redox reactions. In fact, some
reactivity enhancement is observed with increasing Fe content in
this framework even in the absence of light (as illustrated in Fig. 3
by the “dark” measurements collected prior to the start of irradia-
tion time t = 0), suggesting that the readily accessible Fe3+ sites may
serve as direct oxidants in degrading the dye.

The Fe-TiO2 nanoparticle photocatalyst demonstrated better
reactivity than the parent TiO2 nanoparticle reference but with a
far slower rate of dye degradation than that of the MOF series, even
while possessing a similar Fe concentration as the most active MOF,
2FeMIL125-NH2. The “optimum” Fe doping level in TiO2 semicon-
ductor material for efficient photocatalysis is typically reported to
be around 1%,52 The Fe-TiO2 reference measured in this work con-
tained an iron weight percentage of about 5 wt. %. At this doping
level in TiO2, photocatalytic efficiencies would be expected to drop
since charge recombination mechanisms start to compete with the
charge migration and interfacial electron transfer processes of the
photoreaction. By comparison, 2FeMIL125-NH2 contains 6.7 wt. %
Fe and displayed the highest photodegradation efficiency. With dye
molecules capable of diffusing into the porous structure, we con-
tend that electron-hole pairs can be used essentially at the point
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FIG. 3. Upon photoirradation with 400–700 nm light, (a) normalized concentration of Rhodamine B over time as monitored by UV-vis spectroscopy where C0 is the concen-
tration of RhB at t = −120 min (b) plot of ln(C/C0) vs time with linear fit showing pseudo-first order kinetics for photodegradation of RhB, [ln(C/C0) = −kt] where C0 is the
concentration of RhB at t = 0 min.

TABLE II. Fe concentrations, dye degradation efficiencies for MIL125-NH2 and reference photocatalysts.

Photocatalyst %wt Fea (%)
Average dye

degradation efficiencyb (%)
Degradation reaction rate

constantc (min−1)

MIL125-NH2 0 18.2 ± 1.3 0.0167
0.5FeMIL125-NH2 1.7 22.8 ± 0.9 0.0199
1FeMIL125-NH2 3.4 70.9 ± 0.48 0.0495
2FeMIL125-NH2 6.7 93.9 ± 0.81 0.136
TiO2 0 2.31 ± 1.82 ⋅ ⋅ ⋅

Fe-TiO2 5.0 4.80 ± 1.28 ⋅ ⋅ ⋅

aDetermined by atomic absorption spectroscopy.
bMesaured in triplicate, evaluated after 30 min irradiation time.
cAsuming pseudo-first order kinetics, [ln(C/C0) = −kt].

of photogeneration, rendering charge migration unnecessary (or at
least non-rate limiting). The XTA results shown above also con-
firm extended charge separated excited state lifetimes even at much
higher iron doping concentrations, indicating that MIL125-NH2
can accommodate far higher Fe loading percentages before charge
recombination rates become prohibitively rapid. Notably, the XTA
decay kinetics are similar across all three Fe concentrations and only
begin to deviate at longer times (microsecond time regime). On a
timescale more in line with that of typical diffuse intermolecular
charge transfer processes, like those involved in the dye degrada-
tion reactions (on the order of ∼10–100 ns), the XTA difference
signals are nearly equivalent across all three Fe concentrations.
This suggests that the transiently reduced Fe2+ site concentra-
tion, and therefore the reactivity, scales with the total Fe doping
level.

The other important factors likely contributing to the enhanced
visible light photocatalytic behavior of the MOFmaterials compared
to the TiO2 reference systems are the differences in absorption cross
section in this spectral wavelength range and sensitization behavior
of the adsorbed dye. While Fe (and other transition metal) doping
serves to lower the bandgap of the TiO2 semiconductor (see Fig.
S1 in the supplementary material), the effect is less significant than
that of the amino-functionalized linkers in the MIL125-NH2 series,

which extend the LMCCT band into the visible region. Doping the
clusters of this framework with Fe further redshifts the absorption
band producing an even lower effective bandgap compared to the
Fe-TiO2 system.

The established mechanism for photocatalytic dye degrada-
tion follows an indirect process in which both electrons and holes
of the photoinduced charge separated state of the photocatalyst
can act to generate OH⋅ radicals in the presence of water and
oxygen.53 These hydroxyl radicals, in turn, break apart the dye
molecules through a series of oxidation steps. If dye molecules
adsorbed on the surface (or within the pores) of the photocatalyst
are also excited, as is likely the case when visible light irradia-
tion wavelengths are used, then they too can participate in the
dye degradation process via self-sensitization.54–56 Photoexcited,
adsorbed dye molecules can undergo interfacial electron transfer
to the catalyst, producing unstable dye cation radicals susceptible
to attack by reactive superoxide radical, O2

−⋅ species concurrently
generated by the charge injected photocatalyst. While previous dye
degradation studies of MIL125-NH2-based photocatalysts have not
implicated this self-sensitization component of the RhB degradation
process,45,48 its contribution cannot be ignored, particularly if the
dye molecules are strongly adsorbed to the photocatalyst.57 Fig. S7
in the supplementary material shows the DR spectra of the isolated
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FIG. 4. Wavelength dependent Rhodamine B dye photodegradation observed over time obtained using undoped MIL125-NH2 (right) and 2FeMIL125-NH2 (left) photocatalyst.
Dye degradation observed in the presence of each catalyst yet absence of light is overlaid for comparison in each case.

RhB-loaded photocatalysts after extensive washing. The spectra of
MIL125-NH2 and all three Fe-doped frameworks display the RhB
absorption band, which is redshift compared to the spectrum of
the dye in solution. The persistence of the band even after wash-
ing indicates strong RhB dye adsorption within these frameworks.
Its bathochromic shift suggests J-aggregate formation,57 an align-
ment likely imposed by the pores of the structure. For the TiO2
materials, however, following the same dye loading and washing
procedure, the RhB absorption band is nearly absent, indicating sig-
nificantly weaker dye adsorption to the semiconductor nanoparticles
compared to the MIL125-NH2 materials.

To help establish the relative contribution of RhB self-
sensitization to its photodegradation process for the MOF pho-
tocatalysts, we compared the dye depletion rate measured using
different irradiation wavelength ranges to selectively excite either the
LMCCT state of the framework or the π–π∗ state of the adsorbed
RhB dye. As illustrated in Fig. 4, direct irradiation of the LMCCT
band of MIL125-NH2 (400–475 nm) led to more efficient dye
degradation compared to that associated with the selective dye
excitation (550–700 nm), which showed minimal evidence of self-
sensitized photodegradation. For the Fe-dopedMIL125-NH2 photo-
catalysts however, the two excitation wavelength ranges led to simi-
lar dye degradation responses (Figs. 4 and S9 in the supplementary
material). While not entirely definitive, since there is some spectral
overlap of the MOF and dye adsorption bands, the fact that pref-
erential photoirradiation of either the LMCCT state of the MOF or
the π–π∗ transition of the dye itself produced similar results suggests
that both excitation routes play a role in the dye degradation process
for the Fe-doped MOFs.

IV. CONCLUSIONS
The results of this study demonstrate that the porous nature of

the framework, along with the metal node location of the iron trap
sites permits a higher doping level of accessible catalytic sites that
avoid fast charge recombination and the need for long-range charge
transport. XTA measurements confirmed the transient reduction of
the Fe sites and its long-lived nature across a range of concentra-
tions while the dye photodegradation studies revealed their rela-
tive reactivity, and likely enhancment of the dye self-sensitization

contribution to the degradation process. In this framework, the
upper limit of Fe doping level was dictated by the synthesis, rather
than a decline in charge recombination lifetime or photocatalytic
performance. Attempted Fe loading percentages above 6.7% started
to interfere withMOF structure formation, leading to an amorphous
product. However, this MOF system provides a blueprint for design-
ing frameworks to accommodate heterometals with higher concen-
trations for efficient photocatalysis applications. Furthermore, the
enhanced uptake of the RhB dye in the MOF under mild incuba-
tion conditions presents an opportunity to further enhance visble
light absorption via dye sensitization, provided more robust dyes are
employed.

SUPPLEMENTARY MATERIAL

See supplementary material for synthesis procedures and char-
acterization results for TiO2 nanoparticle reference materials, PXRD
data, steady state XAS and additional XTA results, additional DR
and dye photodegradation results.
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