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Adsorption and catalytic sites in photocatalysts are
important factors influencing the degradation efficiency of aromatic
volatile organic compounds (VOCs), and their accurate regulation
is the prerequisite to reveal the photocatalytic oxidation (PCO)
mechanisms. Herein, by adjusting the molar ratio between Fe salts
and H3;BTC linkers, the coordinate saturation degree and Lewis
acidity of open Fe—O sites in Fe-MOGs were successfully
modulated, which follows the order of Fe,BTC,; > Fe,BTC, >
Fe;BTC,. The highly exposed Fe—O sites (Fe;BTCy;) not only
promote the adsorption of o-xylene via Lewis acid—base and 7—x
interactions but also accelerate the generation of oxidative -OH and
-0,” radicals by providing active open metal sites (OMSs).
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However, highly exposed Fe—O sites inhibit the release of benzyl midproducts, which detriments the performance of Fe,BTC3.
Fe,BTC, with an appropriate exposure degree of Fe—O sites and excellent photoelectric properties shows moderate affinity to o-
xylene and sufficient oxidative radicals, which enable the efficient and stable removal of o-xylene (80% for at least 180 min). In situ
diffuse reflection infrared Fourier transform (DRIFT) spectra reveal the impacts of exposure degree of Fe—O sites on the PCO
pathway of o-xylene. Our study provides novel insights into the role of adsorption and catalytic sites in the elimination of aromatic

VOCs.
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The trend of air quality deterioration in China has been
somewhat curbed since the implementation of the Action Plan
for Air Pollution Prevention and Control over the past ten
years. However, the existing environmental issues are still not
optimistic. Volatile organic compounds (VOCs), especially
aromatic VOCs emitted from decoration materials and
furniture in interior space, may seriously harm the nervous
and endocrine systems of the human body.' ™ Semiconductor
photocatalytic oxidation (PCO) is an effective means to
remove aromatic VOCs by utilizing reactive oxygen species
generated by the excited electrons and holes under light
irradiation.*~°

Semiconductor PCO of aromatic VOCs is a typical
heterogeneous gas—solid reaction. The adsorption and
catalytic sites of photocatalysts determine not only the
oxidation efficiency but also the degradation routes of VOCs.
Metal—organic gels (MOGs) as semiconductor-like materials
are a kind of monolithic metal—organic frameworks (MOFs),
in which central metal atoms coordinate with organic ligands
to form tertiary building units and further assemble into 3D
frameworks through weak hydrogen bonds, 7— stacking, and
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van der Waals forces.” ° Benefiting from the hierarchical

porous structure and the exposure of active sites, MOGs have
attracted widespread attention in adsorption, sensing, separa-
tion, catalysis, and pharmaceuticals.u_15 The open metal sites
(OMSs) as Lewis acid sites in MOGs are beneficial for
trapping and adsorbing aromatic VOCs by Lewis acid—base
interaction. Combining with an internal photogenerated charge
transfer mechanism, they display a significant advantage in
PCO of aromatic VOCs.'”"” Hupp et al. treated UiO-67(Zr)
with hydrochloric acid (HCI) to enable the partial exposure of
Zr—O catalytic active sites. Compared with pristine UiO-
67(Zr), which exhibited almost no PCO activity toward
styrene, UiO-67(Zr) after treatment showed a degradation
efficiency of 40% toward styrene,'® indicating that the exposure
of catalytic active sites was essential for PCO of aromatic
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Figure 1. (a) Diagram for the synthesis of Fe,,BTC, samples. (b) XRD patterns, (c) FTIR spectra, (d) N, adsorption—desorption isotherms, and

(e) pore-size distribution curves of Fe,BTC,.

VOCs. Park et al. prepared a series of Ti-MOFs by adjusting
the molar ratios of two organic linkers (H,BDC and NH,—
H,BDC), which not only provided more adsorption sites for
toluene but also endowed good charge separation ability to
improve photocatalytic performance.'” Sun et al. prepared a
series of carbon quantum dots (CQDs) modified UiO-66

MOG composites (CQD/UiO-66 MOG). Benefiting from the
adsorption sites provided by UiO-66 MOG and CQDs, the
composites showed a high toluene adsorption capacity (29.06
umol/g) and PCO efficiency.”® Therefore, adsorption and
catalytic sites of photocatalysts show an important impact on
the efliciency of oxidation of aromatic VOCs. However, the
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roles of adsorption and catalytic sites in determining the PCO
paths of aromatic VOCs have not been discussed in detail.

The accurate control of the type and distribution of
adsorption and catalytic sites is the key to clarify their roles
in PCO of aromatic VOCs. Adjusting the exposure degree of
metal clusters in MOGs, which can act as both adsorption and
catalytic active sites, offers an effective means.”’ Among a
variety of MOGs, Fe-MOGs exhibited great potential in PCO
of aromatic VOCs due to the strong affinity of Fe—O clusters
for aromatic VOCs.””*® Previously, Fe-MOF/MOG homo-
junction composites were prepared. It was identified that the
exposed Fe—O clusters played a crucial role in capturing and
PCO of aromatic VOCs.*> Furthermore, Ag@Fe-MOG
composites featuring a novel “watermelon-seed” structure
were developed via a facile quasi-in situ synthesis approach,
which demonstrated that the exposed Fe—O clusters and metal
Ag clusters synergistically promoted PCO of o-xylene.”*
However, the influence of the exposure degree of Fe—O
clusters in the adsorption and PCO processes of aromatic
VOCs in Fe-MOGs remains inadequately investigated.
Benefiting from the high coordination activity of Fe(IlI), the
defect tolerance of Fe—O coordination during the preparation
of Fe-MOGs can be easily improved by regulating the dynamic
equilibrium of crystal nucleation and growth.”>~>” Mahmood
et al.”® synthesized FeAl-MOGs by varying the quantities of Fe
and Al precursors, capitalizing on the differences of
coordination between metal central atoms Fe and Al with
organic ligands. This approach facilitated heterogeneous
mismatched growth, resulting in the differential exposure of
metal oxide clusters and achieving rapid and high-capacity
adsorption of methyl orange and rhodamine B at low pH.
Previously, we harnessed the differences in electron affinity
between Fe(III) and Na(I) to modulate the coordination and
Lewis acidity of Fe—O clusters in Fe-MOGs, thereby enabling
the selective capture and PCO of electron-rich o-xylene and
electron-deficient acetaldehyde.”® Therefore, the exposure
degree of Fe—O sites in Fe-MOGs is easy to regulate to
adjust their adsorption (Fe—O clusters and organic ligands)
and catalytic (Fe—O clusters) sites with interacting aromatic
VOCs.

In this work, the exposure degree and Lewis acidity of Fe—O
sites in Fe-MOGs were regulated by adjusting the additive
amounts of Fe-source and organic ligand. The exposure degree
of Fe—O sites was characterized by XPS, TPD, and contact
angle experiments. O-xylene, a quintessential aromatic VOC,
was selected as the target pollutant. It constitutes a notable
byproduct in the coating industry and is among the principal
atmospheric contaminants in urban air, presenting significant
health hazards to humans.””?° The Lewis acid—base
interaction between the exposed Fe—O sites and o-xylene
and 7m—7 interaction between ligands and o-xylene were
studied by density functional theory (DFT) calculation and
adsorption experiments. The relation between the exposure
degree of Fe—O sites and the photoelectric properties of the
samples was discussed, unveiling their influences on the PCO
performance of o-xylene. The roles of Fe—O sites with different
exposure degrees in Fe-MOGs during the adsorption and PCO
of o-xylene were further analyzed by in situ diffuse reflection
infrared Fourier transform (DRIFT) spectra and the
mechanism of PCO of o-xylene was suggested.

2.1. Preparation of Samples. Fe-MOGs (MIL-100(Fe)
MOGs) with different exposure degrees and Lewis acidity of
Fe—O sites were prepared by regulating the ratio between Fe-
source and organic ligand using the solvothermal method.
These MIL-100(Fe) MOGs are labeled as Fe,BTC,, where m
and n represent the molar dosage of Fe(NO;);-9H,0 and
1,3,5-benzenetricarboxylic acid (H;BTC) used in the synthesis,
respectively. Fe,BTC,;, Fe,BTC,, and Fe,BTC, were finally
acquired. The detailed process of sample preparation is
presented in the Supporting Information (SI) Text S2.

2.2. Materials Characterization. The physicochemical
properties of Fe, BTC, were characterized by X-ray diffraction
(XRD), Fourier transform infrared (FTIR) spectroscopy, field
emission scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray photoelectron spectrosco-
py (XPS), temperature-programmed desorption (TPD),
contact angle, thermogravimetric analysis (TGA), UV—vis
diffuse reflectance spectra (UV—vis), fluorescence spectrum
(PL), electron paramagnetic resonance spectroscopy (EPR), in
situ diffuse reflection infrared Fourier transform (DRIFT)
spectra, and density functional theory (DFT) for first principle
calculations. The relevant characterization details are described
in SI Text S3.

2.3. Performance Evaluation of Fe,BTC,. The
adsorption and PCO of o-xylene on Fe,BTC, were performed
on a self-built reaction system (Figure S1) reported in our
previous work.””*> The adsorption and PCO performance of
Fe,BTC, were tested at room temperature with a relative
humidity of 60% to simulate the atmospheric environment.
The detailed experimental conditions for evaluating the
adsorption and PCO performance of Fe,BTC, are shown in
SI Text SS.

3.1. Compositions, Porous Characteristics, and
Morphologies of Fe,BTC,. The preparation route of
Fe,BTC, is schematically shown in Figure la. Fe(NO;);-
9H,0 and H;BTC act as the iron source and organic ligand,
respectively. A series of Fe-MOGs were obtained by adjusting
the dosage of organic ligands. The phase composition of
Fe,BTC, was analyzed by XRD. In Figure 1b, the character-
istic peaks appear in the 20 range from S to 30° corresponding
to MIL-100(Fe) (Figure S2), and the diffraction at 26 from 30
to 60° is not observed in Fe,BTC,, confirming that oxidized
Fe is not generated during synthesis.”"”* Besides, in Figure lc
of FTIR spectra, the bands at 1565—1380 and 1630 cm™
corresponding to the characteristic peaks of the benzene ring
and the stretching vibration of C = O in H;BTC are found.
The band at 480 cm™" is assigned to the stretching vibration of
Fe—O formed by the coordination of carboxyl oxygen in
H,BTC and Fe(IIl).”" Notably, the band intensity of the
stretching vibration of uncoordinated C = O in H;BTC at
1720 cm™! increases with the addition of H;BTC, indicating
the presence of more uncoordinated carboxyl groups. As
shown in Figure 1d and e, N, adsorption—desorption
isotherms and pore-size distribution curves of Fe,BTC, are
drawn according to the model of nonlocal density functional
theory (NLDFT). In Figure 1d, the NLDFT cumulative
surface areas of Fe;BTC,;, Fe;BTC,, and Fe;BTC, are 199,
306, and 1644 m’g', respectively, confirming that the
cumulative surface area of Fe,BTC, gradually increases with
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Figure 2. (a—f) SEM images of (a, d) Fe,BTC,;, (b, e) Fe;BTC,, and (c, f) Fe;BTC,. (g—i) TEM images of Fe,BTC;. (j, k) The XPS spectra of O

1s (j) and Fe 2p (k) in Fe,BTC,.

the dosage of H;BTC. Fe,BTC;;, Fe,BTC,, and Fe,BTC,
display type-II, IV, and I N, isotherm curves in the low P/P,
region, respectively, which indicates the existence of abundant
micropores in all of the Fe, BTC, samples. Unlike the H1-type
hysteresis adsorption isotherms of Fe,BTC,s and Fe,BTC,,
H2-type hysteresis adsorption isotherm is observed in
Fe,BTC,, reflecting that the pore-size distribution is relatively
uniform. In Figure le, the pore-size distribution of Fe,BTC, is
further discussed. In all samples, mesopores with pore sizes
over 2 nm are found, and Fe;BTC, exhibits the most amount
of mesoporous among the samples, which is beneficial to the
free migration of o-xylene molecules in the pores.’***
Compared with Fe,BTC;; and Fe,BTC,, Fe,BTC, presents
the highest concentration of micropores with pore sizes of less
than 2 nm, corresponding to its high specific surface area
(1644 m*g™"). Based on the above results, the hypothesis can
be inferred that the long-range ordering of the MIL-100(Fe)
crystals is disrupted, and highly exposed Fe—O sites are formed
when H;BTC is short during the synthesis of Fe,BTC,
resulting in smaller NLDFT cumulative surface area. With the
increase of H;BTC dosage, the central metal atom Fe inclines
to coordinate saturation with oxygen atoms in the carboxylic

acid groups, leading to a low exposure degree of Fe—O sites
with high NLDFT cumulative surface area.

To further confirm this assumption, the micromorphology of
the samples was studied by SEM. In Figures 2a—f and S3a—f,
Fe,BTC,s, Fe,BTC,, and Fe,BTC, all exhibit bulk morphol-
ogy, matched well with MIL-100(Fe) MOG reported
previously.35 As shown in Figure 2a,d, small protrusions on
the surface of Fe,BTC,; are obviously observed. However,
Fe,BTC,; and Fe,BTC, display a flat surface in Figure 2b,e and
of, which is attributed to the coordination of Fe—O clusters
with BTC®™ links. Fe, C, and O elements are uniformly
distributed in FeBTC,, confirmed by the EDS results in
Figure S3g. According to the TEM images in Figure 2g—i, a
large number of channels are observed in Fe;BTC|, consistent
with the porous network structure of gel materials.

XPS was applied to deeply research the coordination of Fe
atoms and electronic state of elements in Fe, BTC,. Fe, C, and
O are observed in Fe,BTC, (Figure S4), consistent with area
scan results of EDS. In Figure 2j, O 1s is divided into three
peaks through deconvolution fitting. And the peaks at 531.6
and 531.7 eV in Fe,BTCy; correspond to carboxyl groups
(—COO) and the tertiary building units (TBU, C—O—Fe),
respectively.’® Besides, the weak shoulder peak at 532.6 €V is
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Figure 3. (a) Temperature-programmed desorption (TPD)-NHj curves of Fe,BTC,. (b) Contact angles of H,O on Fe,BTC,. (c) TPD-o-xylene

curves of Fe,BTC,. (d) Contact angles of o-xylene on Fe,BTC,.

classified as H,O adsorbed on the surface of Fe,BTC,s.*°
Compared with Fe;BTC;s (531.7 eV for C—O—Fe), a slight
blue shift of 0.1 eV in the binding energy of O 1s for Fe,BTC,
and Fe;BTC, (531.8 eV for C—O—Fe) happens, respectively,
suggesting the decrease in the electron density of O species
due to the coordination of more carboxyl groups in H;BTC
with Fe. The opposite results are observed that the —COO of
O 1s in Fe;BTC, (531.4 eV) and Fe,BTC, (531.3 eV) shift to
lower binding energy compared with Fe,BTC,; (531.6 eV)
due to leaving more uncoordinated —COO with the addition
of high concentration of H;BTC. While the peak (532.6 eV)
assigned to H,O adsorbed on the surface of Fe;BTC, shifts to
532.7 eV in Fe;BTC, and 533.0 eV in Fe,BTC, as a result of
the reduced exposure degree of Fe—O clusters. As shown in
Table S1, the proportions of the three peaks are calculated by
fitting the peak areas. Compared with Fe,BTCgs (40.5%), the
proportion of —COO gradually decreases (Fe,;BTC, ~ 37.0%
and Fe,BTC, ~ 34.5%), while the proportion of C—O—Fe
(Fe;BTCys ~ 35.5%) increases to 41.9% in Fe;BTC, and
45.8% in Fe,BTC,. This is because the exposed Fe—O clusters
reacted with the added H;BTC to achieve saturation
coordination for building a complete framework of Fe, BTC,.
Besides, the proportion of H,O adsorbed on the surface in
Fe,BTC, reaches 24%, which declines to 21.1 and 19.7% in
Fe,BTC, and FeBTC,, respectively, mainly due to the
decrease in exposure degree of Fe—O Lewis acid sites, which
agreed well with the changes in the proportion of —COO and
C—0-—Fe peaks. In Figure 2k, the peak of Fe 2p,,, at 725.6 eV
corresponding to Fe(III) is observed in Fe;BTCy;. A red shift
happens in Fe;BTC,; (725.3 eV) and Fe,BTC, (725.2 eV),
indicating an increase in the electron density of Fe species,
which further demonstrates the higher coordination saturation
degree of Fe in Fe;BTC, and Fe,BTC, than in Fe,BTC,s."

The XPS results provide the direct evidence that the Fe—O
clusters gradually approach coordination saturation with the
addition of BTC?" linkers, resulting in a decrease in the
exposure degree of Fe—O clusters (Fe;BTCy5 > Fe,BTC; >
Fe,BTC,). Therefore, the hypothesis that the exposure degree
of Fe—O clusters in Fe,BTC, has been successfully regulated
by adjusting the dosage of H;BTC is proved.

3.2. Characterization of the Exposure Degree and
Lewis Acidity of Fe—O Sites in Fe,BTC,. The exposure
degree of Fe—O sites showing Lewis acidity in Fe,BTC, was
characterized by NH;-TPD. A classification ordination for acid
sites was proposed by Topsee et al. assigning the peaks below
200 °C and between 200 and 400 °C to probe molecules
desorbed from weak and medium strong acid sites.”* As shown
in Figure 3a, Fe;BTC, 5 shows a significant desorption peak at
210 °C, which belongs to medium Lewis acid sites. The peak
gradually shifts toward the low-temperature direction to 186
°C (Fe;BTC,) and 160 °C (Fe;BTC,), which is defined as
weak Lewis acid sites. Furthermore, the intensities of the
desorption peaks gradually decrease from Fe,BTCys to
Fe BTC,, indicating that the strength of Lewis acidity of
Fe—O sites is the highest in Fe,BTCys, and it is gradually
reduced with the addition of H;BTC. Owing to the positive
correlation between Lewis acidity and exposure degree of Fe—
O sites in Fe,BTC,, the exposure degree of Fe—O sites also
gradually decreases from Fe,BTC,; to Fe,BTC, (Fe,BTC,; >
Fe,BTC, > Fe,BTC,). To further confirm this result, the
affinity between the surface interface of Fe,BTC, and water
molecules, another representative alkaline probe molecules,
was tested through contact angle experiments.”” In Figure 3b,
the contact angles of the samples are all less than 90°, while
they gradually increased from 61.7° of Fe,BTC to 70.1° of
Fe,BTC, s and 81.5° of Fe,BTC,, which proves that the aflinity
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Figure 4. (a—c) Stable structures by optimizing poscar catalyst clusters: Fe,BTCs (a), Fe;BTC, (b), and Fe;BTC, (c). (d—f) The adsorption
energies (AE) of o-xylene on the Fe—O Lewis acid sites in Fe;BTC, s (d), Fe,BTC, (e), and Fe,BTC, (f). (g—i) The adsorption energies (AE) of
o-xylene on the benzene ring sites in Fe,BTC, (g), Fe,BTC, (h), and Fe,BTC, (i).

between the exposed Fe—O Lewis acid sites in Fe,BTC, and
water molecules is strong and gradually weakens with the
addition of H3BTC, reflecting a decrease in the exposure
degree of Fe—O Lewis acid sites from Fe,BTCs to Fe,BTC,
and Fe;BTC,. The conclusion can be drawn that the exposure
degree and Lewis acidity of Fe—O sites in Fe,BTC, were
successfully adjusted by controlling the dosage of H;BTC.
TPD was also carried out to reveal the adsorption behavior
of o-xylene on Fe,BTC,. Prior to TPD analysis, thermogravi-
metric experiments were conducted and the results displayed
that the structures of Fe,,BTC, remained stable before 350 °C
(Figure SS). As shown in Figure 3c, the peak at 161 °C in
Fe,BTC,;, attributed to the weak physical adsorption of o-
xylene, " progressively shifts to lower temperatures of 157 °C
in Fe;BTC, and 145 °C in Fe;BTC,. Concurrently, the peak at
217 °C in Fe;BTC,; corresponds to the m—n interaction
between o-xylene molecules and benzene ring in BTC?,*"**
gradually moving toward higher temperatures of 223 °C in
Fe,BTC, and Fe;BTC,. Notably, the peak intensity follows the
order of Fe,BTC,; (217 °C) > Fe;BTC, (223 °C) >
Fe,BTC,s (223 °C). The change is primarily due to the
increased microporosity in Fe,BTC,; and Fe,BTC, compared
with FeBTC;;, which hinders the desorption of o-xylene.
Furthermore, the peak at 312 °C in Fe,BTC, assigned to the
Lewis acid—base interaction between the exposed Fe—O sites
and o-xylene,"""** shifts to lower temperatures at 309 °C in

Fe,BTC, and 306 °C in Fe;BTC,. The above results indicate
that the interaction between Fe BTC,s and o-xylene is
strongest among the samples and is gradually weakened with
the increasing dosage of H;BTC. Meanwhile, in Figure 3d, the
results of the increasing contact angle (Fe,BTCys ~ 20.3°,
Fe,BTC, ~ 21.4°, and Fe;BTC, ~ 23.5°) between Fe,BTC,
and o-xylene show that the affinity of Fe,BTC, toward o-
xylene also decreased with the increasing dosage of H;BTC.
Combined with the results of NH;-TPD, the gradual
weakening of interaction between Fe,BTC, (from Fe,BTC;
to Fe,BTC, and Fe,BTC,) and o-xylene is caused by the
reduction of the exposure degree of Fe—O Lewis acid sites.
3.3. Density Functional Theory (DFT) Calculations.
Density functional theory (DFT) calculations were carried out
to further disclose the interactions between Fe, BTC, and o-
xylene. XPS, TPD, and contact angle test results confirm the
exposure degree and Lewis acidity of Fe—O sites in Fe,BTC,
following the order of Fe,BTCys > Fe,BTC, > Fe,BTC,.
Based on the result, we constructed three different degrees of
ligand deficiency that are consistent with the trend of exposure
degree and Lewis acidity of Fe—O sites in Fe,,BTC,. As shown
in Figure 4a—c, the stable structures of Fe,BTC, are obtained
and the ground-state energies (E(y,.)) of Fe,BTC,, Fe,BTC,,
and Fe BTC, are —591.168, —733.467, and —873.294 eV by
optimizing three given poscars of catalyst clusters. The energy
(E(c,)) of the gaseous o-xylene molecule in a vacuum is
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Figure 5. (a) Diffuse reflectance spectra, (b) photoluminescence spectra, (c) photocurrent response curves, and (d) electrochemical impedance
spectra of Fe, BTC,. (e, f) DMPO spin-trapping ESR spectra for (e) -OH and (f) -O,” of Fe,BTC,. (g) The estimated energy band alignments of

Fe,BTC,. (h) CV curves of Fe,BTC,.

calculated as —109.420 eV. The structures of o-xylene
adsorbed on the Fe—O Lewis acid sites and the benzene
ring sites of the ligands in Fe,BTC,;, Fe,BTC,, and Fe,BTC,
have been optimized and displayed in Figure 4d—i. The total
energies of o-xylene on Fe—O Lewis acid sites (Ege(paresc,H,q))

and the total energies of o-xylene on benzene ring sites
(Ec(barescar,)) of Fe,BTCys, Fe,BTC,;, and FeBTC, are

optimized, as shown in Tables S2 and 3.

In Figure 4d—f, the adsorption energies (AE) of o-xylene on
the Fe—O Lewis acid sites in Fe;BTC,;, Fe;BTC,, and
Fe BTC, calculated by eq I are —0.791, —0.490, and —0.343
eV, respectively, more negative than that on the benzene ring
sites of the ligands, which are determined as —0.500, —0.391,
and 2.002 eV (Figure 4g—i), respectively. The results confirm
that the adsorption ability of o-xylene on the Fe—O Lewis acid
sites is significantly stronger than that on the benzene ring sites
of the ligands and the adsorption ability gradually weakens as
the exposure degree of Fe—O sites in Fe, BTC, decreases. The
conclusion can be drawn that Lewis acid—base interaction
other than 7—x interaction plays a predominant role during
the adsorption of o-xylene in all samples.

AE = Eper ) ~ Elcy) — Ebare) (1)

3.4. Photoelectric Properties of Fe,,BTC,. In addition to
the adsorption modes, the photoelectric properties of
Fe,BTC, also seriously affect PCO of o-xylene. As shown in
Figure Sa, Fe,BTC, samples show excellent light absorption
behavior in both ultraviolet and visible regions, although the
visible light absorption ability of Fe,BTC, and FeBTC,
decreases compared with Fe,BTC;s. As shown in Figure 5b,
the maximum fluorescence emission peaks of Fe,BTC; and
Fe,BTC, are blue-shifted compared with Fe,BTC,;, inter-
preted by the fact that Fe,BTC, and Fe;BTC, have more
benzene ring-conjugated extended structures, which increase
the electron energy level.”® Besides, Fe,BTC, shows a lower
photoluminescence intensity compared with Fe,BTC,s and
Fe,BTC,. Similarly, Fe,BTC, exhibits a much higher photo-
current response compared with Fe,BTC, and Fe,BTC, in
Figure Sc, which confirms that the appropriate exposure degree
of Fe—O sites in Fe;BTC, is beneficial for the effective trap of
photogenerated electrons and prolonging the lifetime of
excited electrons and holes.”> Excessive or deficient exposure
of Fe—O sites is not conducive to the short-range ordering of
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Figure 6. (a) Saturated adsorption capacities of Fe,BTC, on o-xylene. (b) The PCO efficiencies vs time curves of o-xylene (25 ppm) under a 250
W xenon irradiation. (c) The concentration changes of CO, adsorbed by Fe,BTC, during PCO of o-xylene. (d) The durability of Fe,BTC, for 3

repeated cycles for o-xylene (25 ppm) under a 250 W xenon lamp.

MOGs, which may be the main reason for the decrease in
photoelectric properties of Fe;BTCys and Fe,BTC,.”” As
shown in Figure 5d, Fe,BTC, exhibits the smallest diameter
semicircle compared with Fe,BTC, and Fe;BTC, in electro-
chemical impedance spectroscopy, which agrees with the
results of photocurrent response and photoluminescence
spectroscopy. To further investigate the dynamic behavior of
photogenerated carriers in Fe,BTC,, transient fluorescence
attenuation spectra were used to study the lifetime of
photogenerated carriers in Figure S6. The double exponential
fitting results of transient fluorescence attenuation spectra
show that the average lifetime of photogenerated carriers in
Fe,BTC, (0.44 ns) is higher than that of Fe,BTC,; (0.42 ns)
and Fe,BTC, (0.43 ns). The prolonged lifetime of electrons
enables their migration to the surface of the photocatalyst to
participate in the oxidation of o-xylene. The above results
indicate that the appropriate exposure degree of Fe—O sites in
Fe,BTC, promotes the separation of photogenerated electrons
and holes and prolongs the lifetime of electrons, which is
beneficial for the generation of oxidative radicals and the
decomposition of adsorbed o-xylene.

The highest occupied molecular orbital (HOMO) level of
Fe,BTC, (Egomo) Was obtained by determining the ionization
potential with ultraviolet photoelectron spectroscopy
(UPS).*** Eyomo of Fe,BTC,, Fe,BTC,, and Fe,BTC, are
calculated to be —6.27, —6.67, and —6.68 eV (vs vacuum),
respectively, according to Equation SI. As displayed in Figure
S7a and b, Eg,n; of Fe,BTC,;, Fe,BTC,, and Fe,BTC, are
6.34, 6.77, and 7.19 eV, and E_g are 21.29, 21.32, and 21.73
eV, respectively. According to the relationship between the
vacuum energy (Ey,um) and the RHE potential (Egyg) (eq

SII), Eyomo of Fe,BTC, s, Fe,BTC,, and Fe;BTC, vs RHE are
calculated as 1.83, 2.23, and 2.24 V, which are lower than that
of XPS (Figure S8) due to the maximum HOMO of the
samples given by XPS.** The band gap values of Fe,BTC,s,
Fe,BTC,, and Fe,BTC, are 1.60, 2.00, and 2.12 eV obtained
from UV—vis spectra (Figure S9). The low occupied molecular
orbital levels (E;yyo) of Fe,BTC, s, Fe,BTC,, and Fe,BTC, vs
RHE are determined to be 0.23, 0.23, and 0.12 V by eq SIIL. As
shown in Figure Se and f, hydroxyl radical (-OH) and
superoxide radical (-O,) are observed in Fe,BTC,, and only
-0, is found in Fe;BTC,; and Fe;BTC,. The intensity of -O,~
generated in Fe BTC, is significantly higher than that of
Fe,BTC, under light irradiation. These are not completely
matched with their Eyoyo and Epgyo vs RHE. On the one
hand, Fe;O-(OH) sites are formed in Fe;BTC,s due to more
water molecules adsorbed on its highly exposed Fe—O Lewis
acid sites. Then an inner ligand—metal charge transfer
(LMCT)*”*® happens on Fe;O-(OH) sites for the oxidation
of OH-/-OH (1.99 eV vs NHE) in Figure Sg. Fe,BTC, and
Fe,BTC, with appropriate and low exposure degree of Fe—O
Lewis acid sites prevent adsorbed water to form Fe;O-(OH)
sites and inhibit the generation of -OH through LMCT. On
the other hand, electrons generated at the LUMO level transfer
to the HOMO level under the excitation of light, and Fe(III)
in the exposed Fe—O Lewis acid sites is reduced to Fe(II),"
which is further oxidized to Fe(III) with the generation of -
O,". The result is confirmed by the CV curves exhibiting cyclic
conversion of Fe(IIl) and Fe(II) in Figure Sh. The intensities
of -O,~ produced by Fe,BTC, are Fe,BTC,; > Fe,BTC, >
Fe,BTC,, agreed with the exposure degree of Fe—O Lewis acid
sites of Fe,BTC, (Fe,BTC,s > Fe,BTC, > Fe,BTC,).
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Figure 7. (a—c) In situ DRIFT spectra of (a) Fe,BTC,, (b) Fe;BTC,, and (c) Fe,BTC, during the adsorption and PCO of o-xylene. (d) The

pathways of PCO of o-xylene by Fe,BTC,.

3.5. Adsorption and PCO Performance of o-Xylene.
O-xylene was used as the target pollutant to test the ability of
Fe,BTC, in PCO of aromatic VOCs. First, adsorption
experiments were performed to shed light on the influence
of the exposure degree of Fe—O sites in Fe,BTC, on their
adsorption capacity for o-xylene. As shown in Figure S10, when
Fe,BTC, is applied, the real-time concentrations of o-xylene
are much lower than those in the blank chamber,
demonstrating that o-xylene molecules are effectively adsorbed
by Fe,BTC,. The adsorption capacity of Fe, BTC, for o-xylene
calculated by eq SIV is displayed in Figure 6a. Fe,BTC, s with
the lowest NLDFT cumulative surface area shows the highest
adsorption capacity (22.0 umol/g) for o-xylene due to the
highest exposure degree of Fe—O sites and benzene ring sites
in ligands, both exhibiting the most negative adsorption energy
to o-xylene. Compared with Fe, BTC, s, Fe,BTC, and Fe,BTC,
display higher NLDFT cumulative surface areas, but the
adsorption capacities for o-xylene decrease to 19.6 and 13.5
pumol/g, respectively, which is attributed to the lower exposure
degree of Fe—O sites and benzene ring sites in ligands, as well
as the relatively positive adsorption energies to o-xylene.”” The
results confirm that the high exposure degrees of Fe—O Lewis
acid sites and benzene ring sites of ligands promote together
the adsorption of o-xylene. PCO of o-xylene was subsequently
carried out under a 250 W xenon irradiation. As shown in
Figure 6b, the efliciencies of Fe,BTCys and FeBTC, in
oxidizing o-xylene are 52 and 49%, respectively, according to
eq SV. The PCO efficiency of Fe,BTC, s and Fe,BTC, toward
o-xylene gradually declined as the reaction lasted for 80 min.
When the reaction time reached 180 min, the PCO efficiency
of Fe,BTC, ; dropped from 52 to 22%, while that of Fe,BTC,
decreased from 49 to 6%, respectively. The reason for the
decreased PCO performance of FeBTC,; is that the
generation and accumulation of intermediates, formed by the
rapid oxidation of o-xylene under high intensities of -OH and -
0,7, covered the exposed Fe—O catalytic active sites.”””’

Besides, the highly exposed Fe—O Lewis acid catalytic sites
display strong adsorption ability for o-xylene and benzyl
midproducts, hindering the separation of intermediates from
the catalytic active sites in a timely manner. Different from
Fe,BTC,s, Fe;BTC, only produces a low intensity of -O,~ due
to the low exposure of Fe—O catalytic sites, which is unable to
effectively oxidize o-xylene molecules, resulting in a decrease in
the PCO performance for Fe,BTC,.”" The oxidation efficiency
of Fe,BTC, toward o-xylene reaches 80% and maintains
considerable activity for 180 min, higher than that of
Fe,BTC, s and Fe,BTC,, which is also advantageous compared
with previously discovered photocatalysts (Table S4). This is
related to the oxidation of o-xylene by high intensity of -O,~
generated. Meantime, the abundant mesopore channels in
Fe,BTC, impair the Lewis acid—base interaction between
intermediates and Fe—O catalytic sites, allowing them to be
smoothly removed from the active sites. In brief, the exposure
degree of Fe—O sites and photoelectric properties in Fe,BTC,
show a synergistic effect in PCO of o-xylene. The CO,
generated during PCO of o-xylene was tested using GC-FID
with a graphite conversion furnace. CO, was not detected
during the photocatalytic process. After the photocatalytic
reaction was completed, the entire reaction system was sealed
for 12 h, and CO, was detected (Figure 6¢c), which was
probably that the generation of CO, was intercepted in the
pore channels during PCO and gradually escaped from the
surface of Fe;BTC, with the time. The specific detection
method has been described in detail in previous articles.”> The
efficiency of Fe,BTC, in converting o-xylene to CO, was
67.5% by integral calculation. The stability and durability of
Fe,BTC, in PCO of o-xylene were studied by cyclic
experiments. As shown in Figure 6d, the PCO efficiency of
Fe,BTC, remains at 80% after 3 cycles.

3.6. Mechanism of PCO of o-Xylene. The evolution of
the intermediates produced on Fe,BTC, during adsorption
and PCO of o-xylene was detected by in situ DRIFT spectra.
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The testing conditions used for introducing o-xylene into the
DRIFT cell, including the flow rate of o-xylene and air, were
consistent with those of the photocatalytic performance. The
in situ DRIFT spectrometer was set to collect spectra every 30
min, as shown in Figure 7, to discuss the adsorption and PCO
process. In Figure 7a, the access time of o-xylene lasts for 180
min until the DRIFT spectra remain stable during which
Fe,BTC,; reaches adsorption equilibrium. From the spectrum
at 180 min, the negative peak at 3565 cm™" is assigned to the
O—H stretching vibration of surface-adsorbed water. The peak
at 1512 cm™" is associated with the vibration of the benzene
ring skeleton, indicating that o-xylene molecules are success-
fully adsorbed on the surface of Fe;BTCys.">>> The peak at
1650 cm™" corresponding to the stretching vibration of C = O
in the benzaldehydes is observed and the peak intensity
increased with the prolongation of adsorption time.””>* When
the adsorption time carries on 120 min, the peak of 1740 cm™
attributed to the carboxyl groups is discovered.”** The
assumption is that the a-H of o-xylene first interacts with the
exposed Fe—O Lewis sites to form benzaldehydes, which is
further oxidized to benzoic acids as the adsorption proceeds.>
After turning on the xenon lamp, the peaks at 1650, 1740, and
3565 cm™! become more and more intense, while the peak at
1147 cm™" assigned to C—O in aliphatic alcohols is found,
confirming the successive ring opening of benzaldehydes or
benzoic acids is attacked by -OH and -O,” generated from
Fe,BTC,;. Besides, the intensities of peaks at 2330 and 2360
cm ™! ascribed to asymmetric stretching vibration of C = O in
CO, are also significantly increased. Therefore, the inter-
mediates produced during PCO of o-xylene, such as
benzaldehydes, benzoic acids, and aliphatic alcohols, are
deeply oxidized to CO, by -OH and -O,".

In Figure 7b and ¢, unlike the adsorption of o-xylene by
Fe,BTC,;, only the vibration peaks of benzene ring skeleton
(1538 cm™ in Fe,BTC, and 1535 cm™ in Fe,BTC,) and
benzaldehydes (1650 cm™ in Fe,BTC,; and 1670 cm™ in
Fe;BTC,) are found, which is closely related to the decrease in
the exposure degree of Fe—O sites. When the illumination
time lasts for 60 min, the peaks of aliphatic alcohols (1144
cm™') and benzoic acids (1750 cm™) on the surface of
Fe,BTC, are observed, while the peaks of aliphatic alcohols
(1187 cm™") and benzoic acids (1737 cm™) on the surface of
Fe,BTC, are found as the illumination time reached 120 min,
indicating that the oxidation ability of Fe,BTC, is stronger
than that of Fe;BTC,, which corresponds to a higher intensity
of -O,” generated by Fe BTC, higher than Fe,BTC,.
Compared with Fe,;BTC,;, the peak of benzoic acids (1740
cm™') has already appeared under the action of exposed Fe—O
sites in the process of adsorbing o-xylene, and when the light is
turned on, the peak of aliphatic alcohols (1147 cm™)
immediately is observed, accompanied by a significant increase
in the peak intensity of benzoic acids (1740 cm™'). This
confirms that the high intensity of -OH produced by Fe,BTC,
with the highly exposed Fe—O Lewis acid sites is essential for
the ring opening of o-xylene. In addition, the peak intensity of
benzaldehydes at 1650 cm™ in Fe,BTC, is significantly
higher than that of other samples (1650 cm™" in Fe;BTC, and
1670 cm™ in Fe,BTC,), which further confirms the
accumulation of aromatic intermediates.

The pathways of PCO of o-xylene by Fe,BTC, are
suggested in Figure 7d according to in situ DRIFT spectra.
First, o-xylene molecules are adsorbed on the exposed Fe—O
and benzene ring sites in the ligand of Fe, BTC, through Lewis

acid—base and sn—n interactions. Fe;BTC,s with highly
exposed Fe—O sites convert o-xylene to benzaldehydes and
benzoic acids by attacking a-H of o-xylene, while Fe,BTC, and
Fe,BTC, with appropriate and low exposure degree of Fe—O
sites only transform o-xylene to benzaldehydes. Under light
irradiation conditions, the ring-opening reaction of benzalde-
hydes and benzoic acids occurs on FeBTC,; with high
intensity of -OH and -O,” to produce aliphatic alcohols.
However, a large amount of intermediates cannot be removed
in time from the exposed Fe—O sites due to their strong
adsorption ability for benzyl species, resulting in a decrease in
the PCO performance of Fe,BTC,;. Benzaldehydes on the
surface of Fe,BTC, are transformed into benzoic acids by the
high intensity of -O,” generated by the appropriate exposure
degree of Fe—O sites. Benefiting from the moderate adsorption
ability for o-xylene in Fe;BTC, the intermediates are allowed
to leave smoothly from catalytic sites and make Fe,BTC,
display excellent and stable oxidation ability for o-xylene. The
low intensity of -O,” is generated by the low exposure degree
of Fe—O sites in Fe;BTC,, which prevents the subsequent
oxidation of benzaldehydes and results in a lower oxidation
efficiency to o-xylene.

A series of Fe-MOGs with Fe—O sites of different exposure
degrees and Lewis acidity have been successfully prepared. The
results of XPS, NH;-TPD, and contact angle confirm that the
exposure degree and Lewis acidity of Fe—O sites in Fe,BTC,
gradually decrease with the increase of H;BTC added
(Fe,BTCy5 > Fe,BTC, > Fe;BTC,). The highly exposed
Fe—O sites with strong Lewis acidity not only enable the
effective adsorption of o-xylene molecules by oxidizing them
into benzaldehydes and benzoic acids but also promote the
generation of oxidative radicals for the ring opening of o-
xylene. A balance between the exposure of Fe—O sites and the
photoelectric properties of Fe, BTC, is necessary. On the one
hand, despite the improved adsorption capacity toward o-
xylene, highly exposed Fe—O sites will strongly capture the
intermediates, leading to a decrease in the PCO performance
of the sample. On the other hand, the low exposure degree of
Fe—O sites detriments the generation of oxidative radicals
owing to the lack of active OMSs. Owing to the appropriate
exposure degree of Fe—O sites and excellent photoelectric
properties, Fe,BTC, shows not only improved efficiency
(80%) but also higher stability (180 min) during PCO of o-
xylene than Fe;BTC, (52%, 80 min) and Fe,BTC, (49%, 80
min). Our results confirm the possibility of modulating the
PCO reaction paths of VOCs through regulating the active
sites of photocatalysts and shed light on the controllable
conversion of VOCs to high-value products.
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