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Photocatalytic activation of peroxymonosulfate (PMS) has garnered a lot of interest in the field of wastew-
ater treatment. Herein, a plasmonic Ag nanoparticles decorated MIL-101(Fe) hybrid was synthesized
through a photodeposition process. Upon light irradiation, the Ag/MIL-101(Fe) exhibit reinforced pho-
tocatalytic activities for elimination of bisphenol A (BPA) with PMS. The optimized 2.0% Ag/MIL-101(Fe)
composite presented the highest photocatalytic activity with Kinetic constant k of 0.102 min—!, which was
about 10-fold of the pristine MIL-101(Fe). Loading of plasmonic Ag into MIL-101(Fe) boosts photoinduced
carrier separation and accelerates PMS activation to generate strong oxidative radicals. Photoelectrochem-
ical tests and multiple spectroscopic studies confirmed the promoted charge carrier separation and trans-
fer capability of Ag/MIL-101(Fe). Combining the results of radical trapping experiments and electron spin
resonance (ESR), the formed SO4*~, "OH, "0~ and '0, had a significant role in the photocatalytic process.
According to intermediate study, the degradation pathway was studied, and the possible mechanism was

proposed.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Bisphenol A, a typical environmental endocrine disruptor
(EEDs), has been frequently applied in the production of chemical
raw materials [1]. It has raised serious concerns associated with
the detrimental effects on causing nervous system disorder, low
immunity and inducing complications such as tumors, which
threaten the ecology and human being [2]. BPA has strong chem-
ical stability, making it challenging to completely degrade for
the commercial treatment process. Thus, it is a burning issue
to explore a valid method to eliminate BPA from water [3]. In
recent, advanced treatment technology based on the activated
persulfate is regarded as a very effective way to remove BPA by
the advantages of powerful oxidation. The peroxydisulfate (PDS)
or peroxymonosulfate (PMS) can be triggered to generate S04~
by means of ultraviolet light [4], electrochemical [5], alkali [6],
ozone [7] and ultrasonic [8]. However, these methods are often
inefficient, high-energy consumption. It is still essential to explore
new methods to high-efficiency activate PMS.
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Recently, photocatalytic activation of PMS has fascinated im-
mense attention in removal refractory organics of waste water
[9,10]. The efficient reductive photogenerated electrons originated
from excited semiconductors can easily react with PMS to pro-
duced SO4~. Benefit from the high specific surface, adjustable
porosity and modularity, metal-organic frameworks (MOFs) have
drawn attention for catalysis [11], gas storage [12], adsorption
[13] and separation [14]. Previous works revealed that the Fe-
based MOF semiconductors showed a certain photocatalytic
capability for PMS activation for water treatment [15]. However,
the sluggish photogenerated carrier separation and moderate PMS
activation greatly hinder the catalytic performance of bare Fe-
based MOFs. Researchers have adopted many methods to improve
the catalytic performance. To date, some progress has been made.
For instance, Li et al. [16] reported a new quinone modified Fe-
MOF, which promoted BPA degradation by PDS activation with the
removal rate of 97.7%. Alternatively, a unique PDINH/MIL-88(Fe)
composite has been created and exhibited excellent photocatalytic
PDS activation for chloroquine phosphate degradation [17]. Jiang
et al. [18] devised a '0, dominated bacterial inactivation tech-
nique that effectively inactivates Gram-negative Escherichia coli
in water utilizing CuS modified MIL-101(Fe) to activate PMS. It
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Fig. 1. (a) Schematic of the preparation of Ag/MIL-101(Fe); (b, ¢) SEM image of
MIL-101(Fe) and Ag/MIL-101(Fe); (d) TEM image of Ag/MIL-101(Fe); (e) HRTEM of
Ag/MIL-101(Fe); (f-i) EDX mapping images of Ag/MIL-101(Fe).

has been demonstrated that integration of plasmonic metals into
photocatalysis is an advisable strategy for improving photocatalytic
performance [19,20]. Originating from coherent oscillations of de-
localized electrons of nanostructured metal by the electromagnetic
field of incident light, the metals (such as Ag, Au) possess strong
visible-light adsorption ability by the surface plasmon resonance
(SPR). Recent studies proved that loading of SPR metals into semi-
conductor can boost photogenerated charge carrier separation and
extend light response range [21]. Thus, the introduction of plas-
monic metal Ag into Fe-MOF may have the following advantage:
(i) Enhancing utilization of sunlight of Fe-MOF; (ii) preventing the
recombination of photo-generated carriers; (iii) promoting PMS
activation by the hot electrons generated from Ag NPs. In addition,
Ag as transition metal can also trigger PMS activation.

Bearing these considerations in mind, a simple photodeposition
method was employed to synthesize Ag/MIL-101(Fe) composites
with different Ag content as shown in Text S1 (Supporting in-
formation) and Fig. 1a. As illustrated in SEM of Figs. 1b and c,
both the prepared MIL-101(Fe) and Ag/MIL-101(Fe) composite
were composed of octahedral structure with a uniform size of
around 1pm. TEM image (Fig. 1d) of composite indicated that the
morphology of composite was similar with pristine MIL-101(Fe),
and some nanoparticles were distinctly observed. From Fig. 1e,
HRTEM image further revealed that the interplanar distances
of 0.273nm matched well with the standard (111) plane of Ag
[22,23], which confirmed the existence of Ag nanoparticles (NPs).
Moreover, the elemental mapping images in Figs. 1f-i further
demonstrated the uniformly distributed of Ag over MIL-101(Fe)
and the close contact of two components. This is beneficial to the
effective transfer of photoinduced charge carrier at the interface.
The above results indicated that Ag NPs have been successfully
deposited on MIL-101(Fe).

The XRD patterns of catalysts are showed in Fig. 2a. For bare
MIL-101(Fe), several peaks appeared in 9°~22° are assigned to
MIL-101(Fe) [24-26]. The diffraction peak positions of Ag/MIL-
101(Fe) composite are almost the same as MIL-101(Fe), implying
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that the phase structure of host MIL-101(Fe) lattice did not change
after Ag loading. Notably, the diffraction peaks belonged to Ag are
less distinct, which might result from the relatively low Ag con-
tent. From the FT-IR spectra (Fig. 2b) of pristine MIL-101(Fe), two
bands at 1591 and 1391 cm~! corresponded to stretching vibration
of carboxy groups. The band located at 749 cm~! was assigned to
bending vibration of C-H in benzene ring, and the band at 551
cm~! belonged to Fe-O in MIL-101(Fe) [27,28]. For Ag/MIL-101(Fe),
the bands position was as same as the pristine MIL-101(Fe), prov-
ing no altering of the chemical structure of MIL-101(Fe) after Ag
loading. Moreover, as depicted in Fig. 2c of Raman spectra, the
bands at range from 630 cm~! to 1610 cm~! belonging to the fin-
gerprint information of benzene ring can be observed [29]. These
peaks are assigned to the ligand terephthalic acid [30]. Signifi-
cantly, compared to pristine MIL-101(Fe), the peak intensities of
Ag/MIL-101(Fe) composite are obviously stronger, which may arise
from the surface enhanced plasmon scattering of Ag nanoparticles
[31].

As depicted in Fig. 2d, the absorption edge of all samples
located at visible-light range, demonstrating the visible-light re-
sponses property. Obviously, Ag/MIL-101(Fe) composites exhibit
enhanced absorption in whole visible light region, implying that
Ag loading can broaden light response range of MIL-101(Fe). This
may result from the characteristic SPR adsorption of metallic sil-
ver nanoparticles. In addition, from Fig. 2e of the Tauc plot, the
band gaps were estimated to be 2.55 and 2.7 eV for Ag/MIL-101(Fe)
and MIL-101(Fe), the smaller band gap also implied the extending
light response range of the composite. These results indicate that
introduction of Ag is beneficial to efficiently utilize sunlight of MIL-
101(Fe).

Furthermore, XPS was conducted to determine the valence
states and chemical composition of samples. The result of survey
spectrum in Fig. 2f explicitly demonstrated the existence of ele-
ments C, Fe, O, and Ag, which is accordance with the EDX analysis.
In C 1s spectra (Fig. 2g), the binding energies of 288.8 eV for car-
boxyl group and 284.7 eV belonged to terephthalic acid group were
observed [32,33]. As depicted in Fig. 2h, the O 1s peaks at 532.0,
531.3 and 530.2eV were derived from carboxylic acid group, Fe-
O and H-O-H respectively [34]. From the Fe 2p spectra in Fig. 2i,
the peaks at 725.1, 711.5 and 717.5eV corresponded to Fe3* [35].
In addition, two distinct peaks at 373.9 and 367.9eV assigned to
metallic Ag in Fig. 2j were observed [21], further demonstrating
successful introduction of Ag NPs in the composite. Meantime, the
mass ratio of Ag atoms in the composite was investigated and de-
picted in Table S1 (Supporting information), it is noteworthy that
the mass ratio of Ag atoms is not as much as expected, which may
ascribe to the incomplete deposition of Ag nanoparticles during the
photo-deposition process.

The catalytic activities of as-synthesized catalysts over differ-
ent systems were studied and illustrated in Fig. 3a. BPA showed
negligible self-degradation. By the PMS alone, MIL-101(Fe) merely
degraded 7% of BPA, implying its sluggish PMS activation ability.
Comparatively, the BPA degradation was slightly improved (~13%)
by Ag/MIL-101(Fe), originating from the PMS activation ability of
metallic Ag [21]. For the photocatalytic process, nearly 21% of
BPA was degraded over MIL-101(Fe) upon light irradiation, which
due to its poor photocatalytic activity resulting from the sluggish
photoinduced charge carrier separation. Whereas, 51% of BPA was
removed over Ag/MIL-101(Fe), indicating that loading of metal-
lic silver effectively boosts photoinduced electron-holes separa-
tion thus improved photocatalytic activity. Notably, the addition of
PMS strikingly accelerated the photocatalytic BPA degradation of
Ag/MIL-101(Fe), nearly 100% of BPA was removed after 20 min. Pre-
vious studies demonstrated that the metallic Ag nanoparticles pos-
sessed chemical activating PMS ability [36,37]. Whereas, without
light irradiation, only 13% of BPA can be degraded over Ag/MIL-
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Fig. 2. (a) XRD spectrum, (b) FT-IR spectra, (c) Raman spectra, (d) UV-vis diffuse reflectance spectra and (e) Tauc Plot spectra of MIL-101(Fe) and Ag/ MIL-101(Fe). XPS

spectra of Ag/MIL-101(Fe): (f) survey, (g) C 1s, (h) O 1s, (i) Fe 2p and (j) Ag 3d.

101(Fe)/PMS. These suggested that there existed a synergistic effect
of metallic Ag NPs and MIL-101(Fe), which might be interpreted as
the photoinduced electrons triggering PMS activation to produce
more SO4'~. It revealed that Ag/MIL-101(Fe) possessed remarkable
photocatalytic PMS activation performance for BPA degradation. In
addition, the catalytic performances of Ag/MIL-101(Fe) containing
different contents of Ag in presence of PMS were studied. As de-
picted in Fig. 3b, all the composites presented enhanced photo-
catalytic performances, but the degradation process showed poor
result with a pseudo-first-order kinetic model. This may be at-
tributed to self-declined reaction rate of the PMS [38]. So, we
adopted a retarded first-order model according to Eq. 1 [39], which
could adequately describe the reaction trend (Figs. 3c and d).
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Fig. 3. Photocatalytic activities in BPA degradation over (a) different systems, (b)
Ag/ MIL-101(Fe) with different contents of Ag. (c, d) The comparison of kinetic cal-
culated corresponding k of different contents of Ag.

Among them, the optimized 2.0% Ag/MIL-101(Fe) sample possessed
the best photocatalytic performance with kinetic constant (k) of
0.102 min—!, almost 10-fold of pristine MIL-101(Fe). The above re-
sults indicate that introduction of Ag improved the photocatalytic
activity of MIL-101(Fe) with PMS.

G =Co(1+at)™™ (1)

where C; and Cp express the concentration of the BPA at ini-
tial and at time t (min), respectively. o is the “sliding fac-
tor” and k represents the apparent reaction rate (min~!). More-
over, TOC were investigated in different systems including MIL-
101(Fe)/PMS/Vis and Ag/MIL-101(Fe)/PMS/Vis, as shown in Fig.
S3 (Supporting information). The TOC removal efficiency in the
Ag/MIL-101(Fe)/PMS/Vis system was 84.7%, which was higher than
that of MIL-101(Fe)/PMS/Vis (15.7%). This implies that excellent
mineralization ability of the composite and more BPA are miner-
alized to CO, and H,0.

The factors affecting the photocatalytic BPA degradation by
Ag/MIL-101(Fe) catalyst were studied and shown in Fig. S1 (Sup-
porting information). From Fig. Sla, the photocatalytic activ-
ity of the composite toward BPA removal increases gradually
with increasing PMS concentration from 0.5 mmol/L to 1 mmol/L.
Whereas, by adding PMS up to 3.0 mmol/L, the degradation effi-
ciency was no further promoted. The main reason might be that
excess PMS will consume the formed SO4°~ to generate inactive
SO5*~ and HO,*, which hinders the degradation process [40]. The
impact of initial BPA concentration was showed in Fig. S1b. Ob-
viously, the degradation rates tended to descend rapidly with BPA
concentration increased. This may be attributed to the fact that the
active sites were covered by the excess BPA in high concentration,
therefore hindered the PMS activation. Moreover, the result in Fig.
S1c indicated the increase of catalyst dosage accelerated removal of
BPA. This is arising from the higher dosage could introduce more
active sites for PMS to produce more active radicals. Fig. S1d dis-
closed the impact of initial pH on the reaction. The BPA removal
efficiency deceased as the pH value from 7 up to 10. This implies
that the generated active radicals in the system are more suitable
for coexistence in acidic conditions [41]. In addition, anions are
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Fig. 4. (a) EIS Nyquist impedance plots, (b) transient photocurrent responses, (c)
Mott-Schottky plot and (d) the band alignments of the MIL-101(Fe) and Ag/MIL-
101(Fe).

also an essential factor during the reaction process. From Fig. Sle,
H,P04~ and HCO3~ inhibit the BPA removal, whereas Cl~ remark-
ably promotes the BPA degradation. In general, HCO3~ can react
with *OH and S04~ to yield weak oxidizing HCO3" [42]. H,PO4~
often used as a chelating agent to quench free radicals through
spatial isolation [43]. Thus, the HCO3~ and H,PO4~ showed in-
hibitory effects on BPA removal. Usually, according to Egs. 2-4, Cl-
would quench SO4~ and °"OH to form CI' and HOCI'~ with rela-
tively weak activity, respectively, which had a negative impact on
the photocatalysis system [44]. However, it is worth noted that
adding CI~ to this reaction system can speed up the BPA degrada-
tion. This may originate from the active chlorine species (HCIO/Cl,)
produced by the excess of Cl—, which accelerate the degradation of
BPA according to Egs. 5 and 6 [45,46].

Cl~ + *OH < HOCI*~ (2)
HOCI*~ < CI* + HO, (3)
Cl~ + 505~ < SO% +CI° (4)
Cl~ + HSO; — SO2~ + HOCl (5)
2C1~ + HSO; +H™ — S032~ + Cl, + HO, (6)

In order to understand the contribution of Ag in the charge
carrier transfer and separation behavior of the composite, the
EIS, photo-chronoamperometry and Mott-Schottky (M-S) spectrum
were studied. As depicted in Fig. 4a of the Nyquist plot of EIS spec-
trum, a distinct decrease of semicircle radius for Ag/MIL-101(Fe)
composite is observed, manifesting that effective interfacial charge
transfer and smaller charge transfer resistance of Ag/MIL-101(Fe)
[47]. From Fig. 4b, the transient photocurrent response of the sam-
ples was recorded. Obviously, the Ag/MIL-101(Fe) presents a pro-
moted photocurrent generation, indicating the promoted separa-
tion capability of charge carriers of Ag/MIL-101(Fe). Moreover, Fig.
4c illustrated the M-S curves of the catalysts. The observed positive
slopes manifest the n-type property of two catalysts. Meantime,
the flat band potential (Eg,) extrapolated for MIL-Fe and Ag/MIL-Fe
are —0.76 and —0.55V (vs. SCE), respectively, equivalent to —0.52
and —0.31V (vs. NHE). It is most acceptable that the conduction
band potential (Ecg) of n-type semiconductor is 0.1~0.3V above
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the Vpg [44]. Therefore, the Ecg of two catalysts locates at —0.62
and —0.41V (vs. NHE), respectively. Apparently, the conduction po-
tential of two catalysts is more negative than SO4'~/SO42~ (2.5-
3.1V) and 0,/°0,~ (0.16V), which satisfies the thermodynamically
reduction of PMS to yield SO, ~ as well as reduce O, to generate
‘0, -, respectively [45]. Combining the calculated band-gap value
(Fig. 2e), the valence band potentials (Eyg) for two catalysts are
evaluated to 2.08 and 2.14V respectively, which are inactive for ox-
idizing OH~ to "OH (2.38V vs. NHE). Thus, the band alignment of
MIL-101(Fe) and Ag/MIL-101(Fe) was depicted in Fig. 4d.

To unveil the underlying mechanism of the reaction process, the
involved active species produced in the reaction were firstly inves-
tigated through radical trapping experiments. In this study, differ-
ent scavengers were applied to quench the formed radicals, includ-
ing TBA for ‘OH, MeOH for both SO4 '~ and ‘OH, furfuryl alcohol
(FFA) for 10, and p-BQ for "0, [46]. The results in Figs. 5a and b
illustrated that the degradation efficiencies of composite were ob-
viously declined with adding different scavengers, suggesting that
S04, "OH, "0, and 10, are the major oxidized species in Ag/MIL-
101 (Fe)/PMS/Vis system and play a vital role in this reaction.

Furthermore, to clarify the reactive species during the reaction
process, ESR tests were performed. As depicted in Fig. 5c, for bare
MIL-101(Fe), no obvious signal was observed in MIL-101(Fe)/PMS
system, testifying to the poor PMS activation. By contrast, upon
visible light irradiation, the typical ‘OH (ay=ay=14.9G) and
S04~ (any=13.8G, ay=10.1G, ay=142G, ay=0.8G) signals can
be detected [48]. This manifested that visible-light can trigger MIL-
101(Fe) to activate PMS. Meanwhile, the distinct *OH and S04~
signals were also observed in Ag modified MIL-101(Fe), implying
the promoted PMS activation after Ag loading. More significantly,
the SO4"~ and °OH signals in Ag/MIL-101(Fe)/PMS/Vis system are
much stronger than that of Ag/MIL-101(Fe)/PMS system, demon-
strating that illumination accelerated PMS activation of the com-
posite. Notably, the ‘OH signal intensity was directly related to
S04, which originated from the reaction of H,O/OH~ and gener-
ated SO, "~ [49]. Fig. 5d showed that the obvious *O,~ signal were
found in Ag/MIL-101(Fe)/PMS/Vis and MIL-101(Fe)/PMS/Vis system.
It is noteworthy that the signal of ‘O, became weaker after Ag
loading, which might be due to the consumption of *0O,~ by other
reactions. From Fig. 5e, a typical TEMP-10, signal with the 1:1:1
triplet characteristic was clearly observed in Ag/MIL-101(Fe)/PMS.
From previous researches [50,51], the reaction between ‘O,~ and
other radicals can lead to 10, generation, thus result in the weak
signal of ‘O,~ in Ag/MIL-101(Fe)/PMS/Vis. In brief, the above stud-
ies revealed that the active SO, ‘OH, "0, and '0, were engaged
in BPA degrading.

The possible degradation pathways of BPA in the Ag/MIL-
101(Fe)/PMS/Vis system were analyzed by DFT calculation and
HPLC-MS analysis. Three potential degradation pathways are sug-
gested base on the observed intermediates in Table S2 and Fig. S2
(Supporting information). The ROS produced in this study (SO4 ~,
*OH, "0, and '0,) are widely regarded as electrophilic species
[52], thus the calculated values of condensed Fukui index (f =) was
adopted to predict the reaction sites of BPA molecules. The chemi-
cal structure of BPA and isosurface of electron density of the f = on
BPA were depicted in Figs. 6a and b, respectively. f - representing
electrophilic attack was calculated and shown in Fig. 6c¢. It is found
C4(C11), C9(C16), C7(C14) have the highest f - values, indicating
that they are the most reactive sites for radical attacks. The possi-
ble degradation pathways of BPA were shown in Fig. 6d. Firstly,
BPA molecules undergo hydroxylation process, ‘OH prefer to at-
tack on C9(C16), resulting in P1 (m/z=243) formation. Then P1 un-
dergo B-scission to form intermediate P2 and P3 free radicals. P4
(m/z=168) can be obtained by the reaction of P2 and *OH. And P3
accepts H* to form phenol molecules (m/z=93) [53]. The C4(C11)
site of BPA molecule is also vulnerable to electrophilic attack to
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(d) DMPO-"0,~ and (e) TEMP-'0, in the various photocatalytic systems.
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Fig. 6. (a) BPA chemical structure, (b) isosurface of electron density of the Fukui index (f ~) on BPA (isosurface value =0.003), (c) condensed f - value for each atom calculated
using the Hirschfeld charge, (d) proposed BPA degradation pathways in the Ag/MIL-101(Fe)/PMS/Vis system.

form P8 (m/z=211). The electron-rich groups in P8 were attacked
by the activated species to generate P6 (m/z=133). The C—C bond
in P6 was attacked and form P5 phenol molecules (m/z=93). In
addition, due to the high f - value of C7(C14) site of BPA molecule,
the C—C bond may directly cleavage to generate P6 (m/z=133),
and then further hydroxylation to form generates P9 (m/z=151).
Finally, all intermediate products were oxidized into carbon diox-
ide and water.

The durability of composite during photocatalytic reaction was
also analyzed. Fig. S4a (Supporting information) revealed that the
degradation efficiency of BPA slowly declined after four cycle tests,
which might due to the loss of silver nanoparticles after four cy-
cles. However, the degradation efficiency stills maintained a level
above 72%. The TEM images (Fig. S4b in Supporting information)
showed that the used catalyst retained a similar morphology of the
pristine composite. From the XPS spectrum of the used Ag/MIL-
101(Fe), the peak of Fe?+ was found (Fig. S4c in Supporting infor-
mation), which indicated that part of Fe3* transformed to Fe?* due
to electron transfer in the reaction [54]. Moreover, two peaks as-
signed to the metallic Ag can be observed, indicating the valence

state of silver was unchanged. This demonstrates that the Ag/MIL-
101(Fe) composite kept relatively stable structure.

On the base of the above analysis, a tentative photocatalytic
mechanism for the outstanding performance of Ag/MIL-101(Fe)
composite with PMS is proposed (Fig. 7). Upon photoexcitation,
both MIL-101(Fe) and Ag nanoparticles are simultaneously excited.
The Ag nanoparticles can extract photoinduced electrons from MIL-
101(Fe) by the formed junction, which promotes the photoinduced
charge carrier separation of MIL-101(Fe). The hot electrons gener-
ated in Ag by SPR effect with high reduction power can reduce the
adsorbed PMS to generate SO4°~, or O, to produce ‘0,~. Meantime,
the reaction between the adsorbed H,O/OH~ and SO, ~ yielded
*OH [55]. On the other side, the photoinduced electron (e~ ) of MIL-
101(Fe) are captured by adsorbed O, to yield ‘O,~, and then ‘O,~
recombined with h* for 10, generation [56]. Moreover, the metal-
lic Ag can also trigger PMS activation to produce SO4*~ or '0,. Fi-
nally, all the formed active radicals participate in the decomposi-
tion of BPA.

In conclusion, a plasmonic Ag NPs decorated MIL-101(Fe) hy-
brid was prepared via a photo-deposition method. Upon illumi-
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Fig. 7. The possible photocatalytic mechanism of degradation.

nation, the composites displayed superior photocatalytic activities
for BPA removal. Almost 100% of BPA was degraded over the opti-
mized composite and the catalytic activity promoted up to 10-fold
of pristine MIL-101(Fe). The experiment results demonstrated that
the introduction of plasmonic Ag facilitate the photo-induced car-
rier separation, broaden light-response range, and accelerate PMS
activation of MIL-101(Fe). During the photocatalytic PMS activation,
BPA was removed by the formed *OH,S04~, "0, and '0,. This
study will pave a new way in developing highly-efficient photocat-
alyst with excellent PMS activation ability for waste water treat-
ment.
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