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ABSTRACT: Rational design of crystalline catalysts with superior light absorption and charge
transfer for efficient photoelectrocatalytic (PEC) reaction coupled with energy recovery remains
a great challenge. In this work, we elaborately construct three stable titanium-oxo clusters
(TOCs, TijeAcq TigFcs and TijFcyAc,) modified with a monofunctionalized ligand (9-
anthracenecarboxylic acid (Ac) or ferrocenecarboxylic acid (Fc)) and bifunctionalized ligands
(Ac and Fc). They have tunable light-harvesting and charge transfer capacities and thus can
serve as outstanding crystalline catalysts to achieve efficient PEC overall reaction, that is, the
integration of anodic organic pollutant 4-chlorophenol (4-CP) degradation and cathodic
wastewater-to-H, conversion. These TOCs can all exhibit very high PEC activity and
degradation efficiency of 4-CP. Especially, Ti;,Fc,Ac, decorated with bifunctionalized ligands
exhibits better PEC degradation efficiency (over 99%) and H, generation than TijoAcs and
TioFcg modified with a monofunctionalized ligand. The study of the 4-CP degradation pathway
and mechanism revealed that such better PEC performance of Ti;,Fc,Ac, is probably due to its
stronger interactions with the 4-CP molecule and better *OH radical production. This work not only presents the effective
combination of organic pollutant degradation and simultaneously H, evolution reaction using crystalline coordination clusters as
both anodic and cathodic catalyst but also develops a new PEC application for crystalline coordination compounds.

Highly Efficient Photoelectrocatalytic Coupling Reaction

B INTRODUCTION technologies for the treatment of organic pollutants and the

With the rapid development of global industrialization, water comprehensive utlllzaFlon of chemical egergy ) )

pollution has been recognized as one of the most prominent Photoelectrocatalytic (PEC) degradation technology, which
combines the benefits of photocatalysis and electrocatalysis,

global environmental deterioration problems.' ™ In particular, - ) :
. . . offers a very promising approach for efficiently removing
wastewater containing widely used but refractory organic 15

: 5,16
pollutants (e.g,, phenolic compounds) is directly discharged rzf(ri?(ftory }cl)'rganllcl P (Illutants f.'rorr}ll Waste.watTr systenlls. hi In
into the environment, which poses a serious threat to human addition, this technology can in theory simultaneously achieve

health.** 4-Chlorophenol (4-CP) is one of the common toxic pollutant degradation and clean energy production through

and low biodegradable phenolic organic pollutants.’ It is
widely used in large-scale disinfection of drinking water,
pesticide production, and natural chlorination of organic
substances, which has long-term harmful effects on people’s
daily lives.” Currently, the treatment methods of the organic
pollutant 4-CP in water mainly include traditional biological
treatment,8 piezo-catalytic,9 adsorption,10 microwave-en-
hanced catalytic,11 and other technologies.lz’13 However,
these treatment technologies have some drawbacks, such as
long and incomplete degradation cycles, high energy

overall reaction, that is, the integration of anodic organic
pollutant degradation coupled with cathodic wastewater-to-H,
reduction.'” Importantly, such a PEC overall reaction can
realize both wastewater purification and energy recovery.'®
Moreover, if a material can be used as both an anodic and
cathodic catalyst to accomplish this overall reaction, it will be
more attractive in terms of reducing catalytic cost and
simplifying electrolysis devices.'” Nevertheless, the design
and synthesis of such PEC overall reaction catalysts still

consumption, high costs, and even causing secondary Received: October 30, 2022 =JIACIS
chlorination of organic substances, which significantly limits Published: March 8, 2023
their applications in the field of water purification.'* Besides,
many of these technologies neglect that there is a large amount
of chemical energy (e.g, H, energy) in wastewater, Therefore,
it is urgent to develop more efficient and ecofriendly
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Figure 1. (a) The {Ti,} metal-oxo core and dodecahedron skeleton of Ti;yAcs and Ti;oFcg.The striped ball represents the inversion center (i). (b)
The {Ti;,} metal-oxo core of Tij,Fc,Ac,. The {Ti,} core is equal to a {Ti;o} core bridged by two additional symmetric Ti6 atoms. (c, d, e) The
whole molecular structures of TijgAcs, TijoFcg, and Tij,Fc,Ac,. These clusters are made up of a {Ti;o}/{Ti;,} core and mono/bifunctionalized
organic ligands (Ac and Fc). In the middle of the picture, the crystal photographs of Ti;eAce, Ti;oFcg, and Tij,Fe,Ac, under an optical microscope
are presented. All hydrogen atoms are omitted for clarity. Ac = 9-anthracenecarboxylic acid, Fc = ferrocenecarboxylic acid, O'Pr = isopropanol,

DMF =

N,N-dimethylformamide, FIP = hexafluoroisopropanol, OEt = ethanol. Color codes: sky blue = Ti atoms, light blue = Ti6 atom, orange =

Fe atoms, dark gray = C atoms, red = O atoms, light gray = OEt molecules, pink = O'Pr molecules, purple = FIP molecules, light blue = DMF

molecules.

remains a great challenge.”® Coordination compounds, which
are crystalline materials formed by periodical linking metal ions
or metal cluster centers with functionalized organic ligands,
offer a great potential platform for the exploration of a PEC
overall reaction catalyst.”' ™" On one hand, their clear
structural information can accurately identify catalytic active
sites and establish structure—activity relationships when they
are used as catalysts.zs_27 On the other hand, their structures
and properties can be modulated via specific functional organic
ligands.zs_31 Nevertheless, their application in the field of PEC
overall reaction is still very scarce.

Herein, we designed and synthesized three stable titanium-
oxo clusters (TOCs): Tijo(p3-0);,(Ac)s(O'Pr),o(DMEF),
(TijpAcs; Ac = 9-anthracenecarboxylic acid, O'Pr iso-
propanol, and DMF = N,N-dimethylformamide), Ti;(u;-
0)1,(Fc)g(FIP)g (TijoFcq; Fc = ferrocenecarboxylic acid and
FIP = hexafluoroisopropanol), and Ti;,(us-O),(p5-O)10(15-
OEt),(Ac),(Fc),(OEt),, (Tij,Fc,Ac,; OEt = ethanol), which
can be utilized as crystalline bifunctional catalysts for both
photoanodes and cathodes to realize the high-efficiency
removal of the persistent organic pollutant 4-CP coupled
with wastewater-to-H, conversion. Owing to the modification
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of Fc (featuring redox properties and the fast charge transfer
capability) and Ac ligands (a rigid conjugation plane),’>**
these three TOCs exhibit significantly enhanced light
absorption and charge transfer capabilities. Therefore, when
these clusters are used for PEC degradation of the organic
pollutant 4-CP, they can exhibit high PEC activity and
degradation rate. Especially, Ti;,Fc,Ac, modified with
bifunctionalized ligands exhibits better PEC degradation
efficiency (over 99%) and H, generation than TijpAcs and
Ti;gFcg modified with a monofunctionalized ligand. In
addition, the PEC degradation pathway and mechanism of
the pollutant 4-CP were studied by combining high-perform-
ance liquid chromatography and electron paramagnetic
resonance spectra. This work not only presents a PEC tandem
reaction for the degradation of the contaminant 4-CP in
wastewater and wastewater-to-H, conversion effectively using
one crystalline coordination compound as anodic and cathodic
catalyst, but also provides additional insight into the rational
design and construction of more efficient crystalline coordina-
tion compound catalysts for the efficient PEC wastewater
purification and energy recovery.

https://doi.org/10.1021/jacs.2c11509
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B RESULTS AND DISCUSSION

TijpAce TijoFcg, and Tip,Fc,Ac, crystals (Figure 1) were
synthesized by the in situ solvothermal synthesis method in
high yields (see the Supporting Information). As revealed by
single-crystal X-ray diffraction (SCXRD) analysis, the structure
of TijgpAcs possesses one inversion center (Figure la) and
crystallizes in a triclinic system with the space group P1 (Table
Sla). TijpAc, in light-yellow, is made up of a dodecahedron-
shaped {Ti,o} metal-oxo core, six Ac ligands, and coordinated
HO'Pr and DMF molecules (Figure 1c). As illustrated in
Figure Sla, the asymmetric unit of TijoAcs contains five Ti
atoms, five y;-O atoms, three Ac ligands, five O'Pr, and one
DMF solvent molecule. Each of the six-coordinated Ti atoms
in the {Ti,,} core exhibits a slightly distorted octahedral
geometry (Figure S1b). The octahedral coordination environ-
ment of all Ti atoms consists of six oxygen atoms. However,
these oxygen atoms are derived from different coordination
groups as shown in Figure Slc. Adjacent Ti atoms are bridged
by p3-O atoms and Ac ligands to form deca-nucleated TOC
(Figure S1d). It is worth noting that the solvent molecules
coordinated in the axis of TijpAcg can easily leave and can
become potential catalytic active sites.

Structurally, the Ac ligands coordinated to TijpAcs can be
replaced by other functionalized ligands in theory, giving rise
to a potentially homonuclear isomeric structure. Therefore, to
further improve the electron transfer efficiency between the
ligand and the titanium-oxo core, the Fc ligands featuring an
outstanding redox property and fast charge transfer were
introduced to substitute for Ac ligands in the experiment. As
expected, Fc ligand decorated TijoFcg (purple-black), with
nearly the same dodecahedron-shaped {Ti;y} core, was
successfully synthesized (Figure 1d). The main difference
between these two clusters is that Ti,(Fcg is modified by eight
Fc ligands, which was due to the substitution of the solvent
molecule in the axial direction of the Til atom in Ti;gAcg by
an oxygen atom of the carboxyl group of the Fc ligand. The
purple-black Ti oFcg belongs to the monoclinic crystal P2,/c
space group confirmed by the SCXRD analysis (Table S1b).
As shown in Figure S2a, the asymmetric unit of Ti;oFcg
includes five Ti atoms, six p3-O atoms, four Fc ligands, and
four FIP solvent molecules. Analogously, all the Ti atoms
possess an octahedral coordination environment (Figure S2b),
where the Til, Ti2, Ti4, and TiS atoms were coordinated with
U3-O atoms, O atoms from Fc ligands, and a coordination
solvent molecule, respectively, except that the Til atom is
assembled with four y;-O atoms and two O atoms from Fc
ligands (Figure S2c). Nevertheless, the naked active sites are
limited because of much more crowded Fc ligands in Ti,oFcg.

To balance the potential active sites and photosensitivity, Fc
and Ac as bifunctionalized ligands were further employed to
construct a new dodeca-nuclear Ti;,Fcy,Ac,. The SCXRD
analysis revealed that Ti;,Fc,Ac, has the same crystalline
system and space group as TijgAcs Interestingly, a nearly
identical {Ti,y} core also can be found in Ti;,Fc,Ac,. Outside
the {Ti;o} dodecahedron skeleton, two additional reversely
symmetric Ti atoms (Ti6) are bridged by two u,-OEt to form
a {Ti,} core (Figure 1b). As depicted in Figure le, two Fc
ligands and four Ac ligands are coordinated to the {Ti,} core
to form the dodeca-nuclear Ti;,Fc,Ac, cluster. The asym-
metric unit of Ti;,Fc,Ac, contains two {Ti¢} units consisting
of six Ti atoms, one y,-O atom, five y5-O atoms, two p,-OEt,
one Fc ligand, two Ac ligands, and eight —OEt groups (Figure
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S3a). Besides, the coordination environment of all Ti atoms is
identical to that of Ti;gAcs except that the axial position of
each Ti atom is occupied by an ethanol solvent molecule
(Figure S3b). Notably, from the overall structure of
Ti,Fe,Acy, the Ac ligands originally coordinated to the Ti2
and Ti4 atoms in Ti;gAc4 are replaced by Fc ligands, and the
two adjacent Ac ligands connect to Ti4 and TiS atoms.
Besides, Ti3 and Ti6 atoms are situated on the same side of the
{Ti),} metal-oxo core, respectively (Figure S3c).

The experimental powder X-ray diffraction (PXRD) patterns
of as-synthesized crystal samples were well-matched with the
simulated patterns derived from SCXRD data, which
demonstrates the high crystallinity and phase purity of
Ti;pAce, TijoFcg, and Tij,Fe,Ac, samples (Figures S4—S6).
Then, these three TOCs were immersed in 0.1 M Na,SO,
solution containing S ppm 4-CP for 24 h to evaluate their
chemical stability. The PXRD patterns before and after soaking
are in general accordance, indicating that these three TOCs
can maintain structural integrity in Na,SO, solution containing
S ppm 4-CP. Meanwhile, the thermogravimetric analysis
(TGA) was conducted under a nitrogen atmosphere to assess
the thermal stability of TijoAcs TijoFcg and Tij,Fc,Acy
samples. The corresponding results display that these TOCs
have high structural stability below 190 °C (Figure S7). As
seen in Figure S8, in the infrared (IR) spectra of Ti;zAce
Ti;oFcg, and Ti;,Fc,Ac, samples, the v(COQO) vibrations
around 1540 cm™ and 1621—1656 cm™" indicate coordination
vibrations of carboxyl groups, respectively. The band at ~1481
cm™! represents the characteristic band for the Fc fraction.
Furthermore, the X-ray photoelectron spectroscopy (XPS)
measurements are performed on TijgAcs TijoFcg, and
Ti;,Fcy,Ac, samples to determine their chemical composition
and elemental states. As can be seen from Figures S9—S11, the
chemical states of titanium and iron elements in Tij¢Acs,
TijoFcg, and TijFc,Ac, samples featured Ti** and Fe?,
respectively.

Given the gradual increase in color of the TijyAc,
Ti;,Fc,Ac,, and TijoFcg samples, solid-state ultraviolet—visible
(UV—vis) absorption spectroscopy was adopted to evaluate
their photosensitivity. As shown in Figure 2a, the light
absorption range of TijpAc (light-yellow block crystals) can
be extended to near 500 nm. As for Ti;,Fc,Ac, (tawny-block
crystals) in which the Fc ligands are introduced, the visible
light absorption range can be increased to 600 nm. TijoFcg
(purple-black block crystals) modified with more Fc ligands
exhibits a strong and broad absorption band with a maximum
absorption of about 620 nm and an extended absorption band
up to 800 nm. The excellent UV—vis absorption bands of
TigFcg and Ti;Fc,Ac, may be mainly due to the strong
charge transfer between high-valence Ti** ions and electron-
donating Fc ligands, which significantly enhances the charge
transfer properties of functionalized TOCs.””***® The
electronic structure of Ti Fcg was evaluated by DFT
calculation to further demonstrate the charge transfer proper-
ties of Fc-functionalized titanium-oxo clusters (Figure S12). In
addition, the introduced ferrocene groups broaden the visible
absorption bands of functionalized TOCs and dramatically
reduce their band gaps. As shown in Figure 2b, according to
the Kubelka—Munk function, the optical band gaps (E,) of
these TOCs were estimated to be 2.60 (TijpAcs), 1.19
(TiyoFcg), and 1.55 eV (Tij,Fc,Ac,), respectively. Meanwhile,
the energy band distributions of TijoAcs, TipFcg, and
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Figure 2. (a) Solid-state UV—vis absorption spectrum of TijgAcs,
Ti;oFcg, and Tij,Fc,yAc, samples. (b) Tauc plots of TijpAce, TijoFcs,
and Ti;,Fc,Ac, samples. (c) Transient photocurrent responses of
TiypAcg, TijoFcg, and Tij,Fc,Ac, samples under Xe lamp irradiation.
(d) Steady-state photoluminescence (PL) spectra of TijgAcs, TijoFcg,
and Ti;,Fc,Ac, samples.

Ti,Fc,Ac, samples were investigated using ultraviolet photo-
electron spectroscopy (UPS) (Figures S13—S15).

Based on the strong light-harvesting capacity and intrinsic
properties of TijgAcs TijoFcg and Tij,Fc,Acy, the transient
photocurrent response tests were performed to assess the
photogenerated electron—hole pair separation capacities of
these TOCs. The photocurrent responses of TijgAce, TijgFcs,
and Ti,,Fc,Ac, samples were shown in Figure 2c. A uniform
and repeatable photocurrent response was observed when
turning on and off the Xe lamp. Especially, the transient
photocurrent density of the Tij,Fc,Ac, electrode is as great as
3 and 10 times that of the Ti;gFcg and TijpAc electrodes,
respectively. This demonstrates that Ti;,Fc,Ac, decorated
with bifunctionalized ligands has the best photogenerated
electron separation and transfer capacities. Generally, the lower
photoluminescence (PL) emission intensity and shorter PL
lifetime suggest the more efficient suggpression of photoexcited
electron—hole pair recombination.”””* The PL spectra and PL
decay lifetimes of TijgAcq TijFcg, and Tij,Fc,Ac, samples
were also tested to explore the separation and transfer process
of charge carriers (Figures 2d and S17). As shown in Figure 2d,
the bifunctionalized Ti;,Fc,Ac, has a lower emission intensity
compared to Ti;pAcs and TijgFcg, which indicates its lower
recombination of electron—hole pairs and higher separation
efficiency. Besides, electrochemical impedance spectroscopy
(EIS) Nyquist plots of TijgAcs TijoFcg, and Ti;,Fc,Ac,
samples indicate that the interfacial charge transfer process
of Ti,Fe,Ac, is faster than that of Ti;,Fcg and TijgAcy (Figure
S18). Furthermore, the Hall effect tests were also carried out
on TijyAcs TigFcg and TijFc,Ac, samples to determine
their carrier mobility, and Table S2 shows that the carrier
mobility of Tij,Fc,Ac, was 435.88 cm®v™'s™!, which was
much higher than that of TiFcg (185.95 cm*v 's™') and
TijpAcs (110.31 cm?v™'s7!). Therefore, the Ti;,Fc,Ac,
decorated with bifunctionalized ligands exhibits higher charge
separation and transfer efficiency than TijoFcg and TijpAcq,
which may be beneficial to improve the PEC activity.
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In view of the good stability in 0.1 M Na,SO, solution
containing 4-CP and thermal stability of the above three
coordination clusters, their broad light absorption band, and
excellent photogenerated charge separation and transfer
efficiency, it is speculated that they have great potential in
PEC reactions such as removal of organic pollutants in water.
Therefore, the PEC performances of Ti;gAcs TijoFcg and
Ti;,Fc,Ac, catalysts were investigated in 0.1 M Na,SO,
solution containing S ppm 4-CP under Xe lamp irradiation
in an individual cell with a three-electrode system (a certain
concentration of Na,SO, solution as a supporting electrolyte
can increase the conductivity of the solution, accelerate the
electron migration rate, and thus improve the PEC efficiency)
(Figure S19). Initially, the linear sweep voltammograms
(LSVs) were performed on TijgAce, TijoFcs, and TijFe,Ac,
catalysts in the presence of 4-CP in the dark and under
irradiation, respectively (the applied potential varying from 0
to 1.6 V vs. Ag/AgCl). The Ti;pAce TijgFeg, and Tij,Fc,Ac,
electrodes show negligible current density under darkness,
while the current densities of the three TOC electrodes
significantly increase under irradiation (Figures S20—S22). As
shown in Figure 3a, the higher anodic photocurrent density is
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Figure 3. (a) LSV curves of Ti;eAcg, TijoFcg, and Tij,Fc,Ac, in 0.1
M Na,SO, solution containing 5 ppm 4-CP under the PEC process.
(b) The percentage of 4-CP degradation for the PEC degradation
process on TijgAce, TijgFcg, and Tij,Fc,Ac, catalysts. (c) The kinetic
plots of TijgAcs TijgFcg, and TijFc,Ac, catalysts for the 4-CP
degradation reaction under Xe lamp irradiation. (d) The yield of H,
evolution over TijpAcs TijoFcg and Tij,Fe,Ac, catalysts during the
PEC degradation process of the contaminant 4-CP.

generated for the Tij,Fc,Ac, electrode under illumination and
increased steeply with increasing potential, which clearly
suggests that the TiFc,Ac, electrode may have more
excellent PEC performance than the other two catalysts in
the degradation reaction. Then, the PEC degradation perform-
ance of TijpAce TijgFcg and TijFcyAc, for contaminant 4-
CP was studied by the reaction potential of 1.5 V vs Ag/AgCl
under the Xe lamp irradiation. The PEC degradation activities
of TijpAce TiFcg and Tij,Fc,Ac, catalysts are shown in
Figure 3b, the concentration of 4-CP is decreased rapidly with
the degradation time during the PEC degradation process, and
it is worth mentioning that Ti;,Fc,Ac, can degrade 75.33% of
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Figure 4. (a) Scheme of the PEC degradation process over the Tij,Fc,Ac, catalyst. (b) The performance of the Tij,Fc,Ac, catalyst for
contaminant 4-CP degradation under EC, PC, and PEC conditions. (c) Radar chart of the performances for the Tij,Fc,Ac, catalyst in the EC, PC,
and PEC processes, respectively. (d) DMPO spin-trapping EPR spectra of *OH over Ti;,Fc,Ac, in the dark and on Xe lamp irradiation. (e)
Trapping experiments of active oxidation species during PEC degradation of contaminant 4-CP on the Ti;,Fc,Ac, catalyst. (f) Cycle runs of the

Ti,Fe,Ac, catalyst for PEC degradation of 4-CP.

4-CP over 40 min, which is faster than Ti,oFcg (71.49%) and
significantly faster than TijgAcs (49.03%). When the PEC
degradation was continued for 120 min, the 4-CP was almost
completely removed over the Ti;,Fc,Ac, catalyst with a
degradation rate of over 99%, which was higher than the PEC
degradation efficiency of 4-CP over TiFcg (97.28%) and
TijpAcs (89.27%) catalysts. To further compare the degrada-
tion performance of the three catalysts, the removal kinetics for
4-CP during the PEC process was evaluated by the pseudo-
first-order kinetics model, which is approximately fitted with
the linear transforms In(C,/C,) = kt (k is a rate constant). As
can be seen in Figure 3¢, the degradation rate constant of
Ti,Fc,Ac, is 0.0415 min™', which is larger than that of
TiFcg (0.0302 min™') and TijpAcs (0.0180 min™'). The
above results clearly indicate that Ti;;Fc,Ac, exhibits higher
activity among the three catalysts in the PEC degradation of 4-
CP.

Besides, the signal of carbon dioxide (CO,) detected in the
gas chromatography (GC) was progressively enhanced with
the increase of PEC degradation time, which indicates that the
pollutant 4-CP was constantly mineralizing into CO, (Figures
$23—-S525). Therefore, we tried to quantitatively analyze the
concentration of CO, generated in the reaction system during
the PEC degradation of 4-CP by GC (taking Tij,Fc,Ac,
catalyst as an example) and estimated the theoretical
concentration of CO, in the reaction system according to
the actual concentration of 4-CP. It can be seen from Figure
S26 that the CO, concentration in the closed reaction system
gradually increases with the PEC degradation time. The
amount of CO, generated by the PEC degradation of 4-CP
within 120 min is about 5.64 + 0.21 ymol over the Ti;,Fc,Ac,
catalyst. Similarly, we also quantified the concentration of CI~
ions produced in the process of PEC degradation of 4-CP
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using ion chromatography (IC) (Figure S27). The dechlori-
nation rate with degradation time in the reaction system is
shown in Figure S28, and the dechlorination rate of the
Ti;,FcyAc, catalyst within 120 min is about 97.2 + 5.91%,
which is close to complete dichlorination.

Apart from the anodic reaction, the cathodic H, evolution
reaction (HER) performance of TijgAcs, TijoFcg, and
TiFe,Ac, catalysts was also investigated and quantified
during the PEC degradation processes of the contaminant 4-
CP. The H, evolution yields of TijgAcs, TijoFcg, and
Ti;,Fc,Ac, catalysts in 0.1 M Na,SO, solution without and
with contaminant 4-CP were studied, respectively (Figures 3d
and S29). The results show that the cathodic H, production of
TijpAcg, TijgFcg, and TijFcyAc, electrodes gradually
increased with increasing PEC time, and the H, evolution
yield in the 0.1 M Na,SO, solution containing 4-CP was
significantly higher than that of without contaminant 4-CP.
This indicates that the PEC degradation of pollutants at the
photoanode can better facilitate the H, evolution reaction at
the cathode (Figure 4a).”” Notably, Ti,,Fc,Ac, shared a higher
H, evolution yield (558.86 ymol) with PEC degradation of
contaminant 4-CP for 120 min, which was much higher than
that of Ti;gFcg (474.93 pumol) and TipAcs (267.65 pmol).
The results clearly reveal that Ti;,Fc,Ac, exhibits both
excellent PEC pollutant degradation and water splitting
activity.

Moreover, some comparative experiments were conducted
to further determine the PEC degradation activity of TijoAcq,
TijoFcg, and Tij,FcyAc, catalysts. Initially, the removal of
pollutant 4-CP by Ti;pAcs, TijoFcg and TijFc,Ac, catalysts
was investigated under photocatalytic (PC, Xe lamp illumina-
tion, without applied voltage) and electrocatalytic (EC,
darkness, 1.5 V wvs. Ag/AgCl applied voltage) conditions,
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respectively. As illustrated in Figures 4b, S30, and S31, the
degradation efficiency of TijgAcs TijFcg, and TijFeAc,
catalysts for 4-CP in the PEC system is much greater than that
for the single EC and PC conditions. Moreover, the
degradation efficiency of contaminant 4-CP by TijFc,Ac,
catalyst in 120 min was about 14.38% under the EC condition
and 16.16% with the PC treatment. By comparison, the PEC
degradation efficiency of Ti,Fc,Ac, was evidently superior to
that of both EC and PC processes and can reach over 99% in
120 min. Meanwhile, the degradation kinetics of the
Ti,Fe,Ac, catalyst for 4-CP during the EC, PC, and PEC
processes were also evaluated and compared. As seen in Figure
§32, the degradation rate constants of 4-CP in the PEC process
reach up to 0.0415 min™", which is 25.93 times that of the PC
process (0.0016 min~") and 29.6 times that of the EC process
(0.0014 min™"), respectively. This result obviously indicates
that the PEC process was more effective than the PC and EC
processes for the degradation of contaminant 4-CP. Mean-
while, the cathodic H, production of TijgAce, TijoFcg and
Ti;,Fc,Ac, catalysts was also recorded under PC and EC
conditions, respectively (Figures S33—S35). The results show
that the H, evolution of these three TOCs under PEC
conditions is significantly higher than that under PC and EC
conditions. The above results clearly demonstrate that the
combination of the PC process (the photogenerated charge
separation) and EC process (the applied potential) exhibited
synergistic effects in the PEC degradation system and then
improved the PEC degradation efficiency of contaminant 4-CP
and the yield of H, evolution (Figure 4c)."” Besides, the
photoconversion efficiency (17) of TijeAcs TijgFcg and
Ti,Fc,Ac, catalysts was evaluated by the photocurrent as a
function of the applied voltage in the PEC cell. The
photoconversion efficiencies (17) of Tij,Fc,Ac,, TijoFcg, and
Ti;gAcs electrodes are approximately 0.46%, 0.14%, and 0.03%
during the PEC degradation process of 4-CP, respectively.

It is well known that active oxidation species perform a
crucial role in the PEC degradation of organic pollutants.*'
The electron paramagnetic resonance (EPR) experiments were
carried out to examine the main active oxidation species in the
PEC 4-CP degradation reaction. In the EPR experiments, S,5-
dimethyl-1-pyrroline N-oxide (DMPO) acted as a free radical
scavenger and water was applied as a solvent to generate
hydroxyl radicals (*OH) in the solution.”” As depicted in
Figures 4d and S36—S38, the characteristic EPR signal is
undetected in the dark environment, whereas four significant
characteristic peaks are observed under Xe lamp illumination
for DMPO-*OH adducts. Meanwhile, the trapping of holes can
also be demonstrated by the characteristic EPR signals of
2,2,6,6-tetramethylpiperidine oxide (TEMPOL) (Figure
$39).* The intensity of the characteristic peak of TEMPOL
in the EPR spectrum diminished with light irradiation time,
indicating that the concentration of TEMPOL is decreased
after reacting with holes. Therefore, the EPR experiment
results confirmed the formation of *OH radicals and holes
during the PEC degradation of contaminant 4-CP on Ti,Acq,
Ti;oFcg, and Tij,FcyAc, catalysts.

To further explore the roles of *OH radicals and holes
captured in the PEC degradation of 4-CP, a series of
quenching experiments were carried out on TijgAcs Ti;gFcy,
and Ti;,Fc,Ac, catalysts. tert-Butanol (¢t-BA) and
ethylenediaminetetraacetic acid disodium salt (Na,EDTA)
were employed as the scavengers for *OH radicals and holes,
respectively.”” As illustrated in Figure 4e, for Ti,Fc,Ac,
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catalyst, the addition of t-BA to the reaction system
significantly inhibits the removal of pollutant 4-CP as the
degradation efficiency of contaminant 4-CP decreases to
56.70% within 120 min, indicating that *OH is the main
reactive oxidation radical in the PEC process. When Na,EDTA
was added to the reaction solution, the removal efficiency
decreased to 69.46%, suggesting the generation of holes in the
PEC degradation process. Similarly, the active oxidation
species generated during the PEC degradation of contaminant
4-CP were also identified by quenching experiments for
TiyAcg and Ti;gFcg catalysts as illustrated in Figures S40 and
S41. These results reveal that both *OH radicals and holes play
important roles as the main active oxidation species in the PEC
degradation process on TijpAcs TijgFcg, and TipFc,Ac,
catalysts.*

The stability of the catalyst is an essential criterion for
evaluating its reusability and is of great importance for its
further application."” To investigate the stability of the
TiFe,Acy catalyst in the process of PEC degradation of 4-
CP, cycling experiments were performed. As shown in Figure
4f, the PEC degradation performance and cathodic HER
performance of the Tij,Fc,Ac, catalyst did not significantly
decrease after three cycles. Moreover, the diffraction peak of
PXRD patterns, IR, XPS, and the liquid UV—vis absorption
spectrum of the Ti;,Fc,Ac, catalyst after the PEC degradation
reaction confirmed its good structural integrity (Figures S42—
S45). Additionally, the inductively coupled plasma emission
spectrometer (ICP) and 'H nuclear magnetic resonance (‘'H
NMR) spectroscopy analysis of the electrolyte after the PEC
degradation reaction further demonstrated that the Tij,Fc,Ac,
catalyst can remain stable in the PEC degradation of
contaminant 4-CP (Table S3 and Figure S46). Besides, the
IC results of the electrolyte after the PEC reaction indicated
that SO,*” ions in the electrolyte after reaction did not change
(not oxidized) during the PEC reaction, and SO,*” ions in the
electrolyte after the PEC reaction could be well removed by
Ba(OH), (Figures S47 and S48).

To investigate the differences in PEC degradation perform-
ance over TijpAcs TijgFcg, and TijFc,Ac, catalysts, the
concentration of *OH radicals generated in solution was
quantified by fluorescence technOIO%y using terephthalic acid
(TA) as a selective probe reagent."”** The generation of 2-
hydroxyterephthalic acid (TAOH produced by TA reacting
with *OH radicals) can be detected by excitation at 315 nm
with an emission fluorescence of 440 nm (Figure S49). As
shown in Figure S50, the TAOH fluorescence intensity
gradually increased, indicating the continuous generation of
*OH radicals under the PEC degradation process of
contaminant 4-CP. Particularly, the Ti;,Fc,Ac, catalyst
exhibits a higher fluorescence intensity of TAOH among
these three TOCs, implying the higher generation of *OH
radicals in the PEC degradation process of organic
contaminant 4-CP. The effective generation of more eOH
radicals species on the Ti;,Fc,Ac, catalyst may be attributed to
the efficient photogenerated charge separation and transfer.

In order to further ascertain the PEC degradation reaction
mechanism of the contaminant 4-CP on the Ti;oAcq, TijgFcg,
and Ti;,Fc,Ac, catalysts, high-performance liquid chromatog-
raphy (HPLC) and liquid chromatography—mass spectrometry
(LC-MS) were used to detect and identify different
intermediates (such as hydroquinone (HQ) (Figure SS1),
benzoquinone (BQ) (Figure S52), 4-chlorocatechol (4-CC)
(Figure S53), 1,2,4-trihydroxyphenol (THP) (Figure S54), 4-
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Figure S. HPLC diagrams of the PEC degradation process of pollutant 4-CP on (a) Ti;eAce, (b) TiyoFcg and (c) Tij,Fc,Ac, catalysts. Conditions:
MeOH/H,0 = 50:50 (v/v), 1 mL/min, detection wavelength of 280 nm. (d) Proposed degradation pathway of contaminant 4-CP during the PEC
degradation on the Ti,,Fc,Ac, catalyst. The bottom of the figure presents the abbreviated forms and structural formulas of all intermediates
detected by high-performance liquid chromatography (HPLC) and liquid chromatography—mass spectrometry (LC-MS) during the PEC
degradation of contaminant 4-CP (4-CP: 4-chlorophenol, 4-CC: 4-chlorocatechol, HQ: hydroquinone, BQ: benzoquinone, CHDA: 3-chloro-4-
hydroxyhexa-2,4-dienoic acid, MLT: 4-oxohex-2-enedionic acid, HAD: 3-hydroxyhexa-2,4-dienoic acid, TA: tartaric acid, SA: succinic acid, MA:

malonic acid, AA: acetic acid).

oxohex-2-enedionic acid (MLT), 3-hydroxyhexa-2,4-dienoic
acid (HDA), tartaric acid (TA), succinic acid (SA) (Figure
$55), malonic acid (MA), and acetic acid (AA)) (Figure S56)
produced during the PEC degradation process of contaminant
4-CP.”™* The results reveal that the three different catalysts
generated different intermediates in the PEC degradation of 4-
CP. The HPLC spectrum of the PEC degradation of 4-CP on
the Ti;pAcy catalyst exhibits that only two intermediates, HQ
and SA, were observed and that the undegraded 4-CP and HQ_
were still detected when the reaction was carried out for 120
min (Figure Sa). For the TijoFcy catalyst, a clear signal of
THP, as well as small amounts of intermediates such as 4-CC,
HQ, BQ, and SA were detected from the HPLC results (Figure
Sb). However, for the Tij,Fc,Ac, catalyst, according to the
HPLC results, HQ, BQ, 4-CC, and SA were primarily detected
during the degradation of contaminant 4-CP. These four key
intermediates initially increased and then gradually decreased
with the increase of degradation time. At 120 min, almost no
signal was observed for HQ, BQ, and 4-CC, and only a trace
amount of SA remained, indicating that all four intermediates
were progressively removed (Figure Sc).

Therefore, the degradation pathways of contaminant 4-CP
by different catalysts are proposed based on the analysis of the
above experimental characterization and the reported literature
(Figures Sd, S61, and $62).° TiyeAce, TijoFcg, and Tij,Fe,Acy
catalysts generate electron-hole pairs under light irradiation,
and the resulting charges were then separated by the voltage
application. The photogenerated holes in the anodic catalysts
directly react with H,O molecules to form *OH radicals, which
then react with the contaminant. According to the analysis of
the HPLC and LC-MS results, there are two possible
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degradation pathways for PEC degradation of the contaminant
4-CP over the TijFc,Ac, catalyst. One reaction approach is
that the *OH radicals attack the neighboring hydroxyl groups
of 4-CP to form 4-CC, which can be oxidized by the *OH
radical to open the ring to form 3-chloro-4-hydroxyhexa-2,4-
dienoic acid (CHDA), then the chloride ion is removed to
form TA. The further deep oxidation by ®OH radicals forms
SA, MA and AA, and finally mineralized to produce CO, and
H,0." The other reaction pathway is the *OH radicals attack
the opposite OH group of 4-CP, then dechlorinated to form
HQ. BQ was produced by a fast electron shuttle mechanism
between HQ and BQ,*” which is oxidized by the *OH radicals
to open the ring to form MLT. It is then deeply oxidized by
*OH radicals and eventually mineralized to CO, and H,O.
Finally, combined with the results of the HPLC tracking
experiments on the reaction solution during the PEC
degradation of 4-CP and the dechlorination rate of 4-CP
over the Tij,Fc,Ac, catalyst, and according to the estimation
of CO, production in the closed reaction system, the removal
rate of total organic carbon in the PEC degradation of 4-CP
over the Tij,Fc,Ac, catalyst is about 96.63 + 3.46% (Figure
S63).

Density functional theory (DFT) calculations were
employed to understand the difference in the catalytic
degradation performance of TijpAce, TijFcg, and Tij,Fc,Ac,.
All molecular structures were optimized with the PBE
functional®® and 6-31G(d) basis set. The solvent effect
(H,0) was included with the solvation model based on the
density (SMD) model.”" All calculations were carried out using
the Gaussian 16 C code. Previous reports have shown that a
strong interaction of organic pollutants and catalysts plays an
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Figure 6. Calculated interaction energy (AE) of 4-CP and (a) TijeAcs (TijpAcs4-CP), (b) TiyoFcs (TijoFes-Ti3a), and (c) TijFc,Acy

(TiyyFcyAc,-Tis).

important role in achieving a high catalytic degradation
performance.””>® In view of the complexity of the catalytic
process, it is very difficult to accurately study the PEC catalytic
reaction mechanism. In order to simplify the treatment, we just
tried to judge whether it is one of the factors affecting the
performance from the perspective of the interaction energy of
the catalyst and 4-CP. To obtain the interactions, we first need
to confirm the binding site between catalysts and 4-CP. In
TijpAcs we showed that the bond length of the oxygen atom
in DMF and the Ti atom is 2.13 A, which is longer than the
bond length (~1.79 A) of the oxygen atom in HO'Pr and the
Ti atom. Generally, a long bond length denotes a small bond
energy. In this regard, compared with the HO'Pr group, the
DMF molecule is more likely to dissociate. Hence, we obtained
the binding structure of TijgAcs and the substrate 4-CP,
namely, TijyAcs-4-CP, by replacing the DMF with deproto-
nated 4-CP. Based on the Tij¢Acs-4-CP, the calculated
interaction energy (AE) of the substrate 4-CP and Ti;eAcs
is 2.7 eV (Figure 6a). For TijgFcg and Tij,Fc,Acy, the
dissociable group cannot be screened by the distances of
solvent molecules and catalysts because of the similar bond
lengths of oxygen atoms in solvent molecules and Ti atoms.
For example, the bond lengths are between 1.81 and 1.96 A in
TijoFcg and 1.79-1.83 A in Ti,Fc,Ac,. Therefore, we
optimized possible binding structures with 4-CP, which are
shown in Figures S64 and S6S5. The more stable binding
structures were selected and analyzed. The Ti;oFcg-Ti3a and
Ti;,Fc,Ac,-TiS structures were extracted for TigFcg and
Ti,;,Fc,Ac,, respectively. We showed the AE values of 2.9 and
3.3 eV for TigFcg-Tida and TiFc,Ac,-TiS, respectively
(Figure 6b and c). Based on the results, we concluded that the
superb PEC degradation efficiency of Tij,Fc,Ac, compared
with Ti;gFcg and TigAcs may be due to stronger interactions
with 4-CP and better hydroxyl radical production. Besides, we
also tried to use DFT calculations to simulate the ligand
exchange case at the PEBIPBE/6-31G(d) level in Gaussian 16.
As shown in Figure S66, the calculation results prove that
when DMF, OiPr, OEt, and FIP groups leave after reaction
with water, the catalyst structure coordinated with the hydroxyl
radical or 4-CP species can still remain structurally stable,
which was characterized by vibrational analysis without the
presence of imaginary frequencies.
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B CONCLUSIONS

In summary, three stable TOCs with tunable light-harvesting
ability and charge transfer, TijoAcs TijgFcg, and TijFe,Ac,
were synthesized and treated as efficient catalysts to fulfill the
cascade reaction of degradation of the organic pollutant 4-CP
at the anode and H, evolution at the cathode. In contrast to
monofunctionalized Ti;oFcg and Ti;pAcs bifunctionalized
Tij,Fc,Ac, balances the light-trapping ability and catalytically
active sites effectively. As a result, Ti;;,Fc,Ac, exhibited
outstanding PEC activity for the degradation of contaminant
4-CP (degradation efficiency reached over 99% within 120
min), as well as the higher H, production (558.86 umol).
Moreover, the PEC degradation process of 4-CP was
monitored by HPLC, and the formation of different reaction
intermediates was accurately determined. This work presents
an important case study and opens up the PEC applications of
well-defined crystalline coordination compounds.
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