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Photocatalytic persulfate activation provides a promising approach for the elimination of persistent organic
pollutants from water. This has been exemplified in porphyrin-based metal organic frameworks (PMOFs), which
however come with ineffective electron transition within the porphyrin ligand. Herein, we present a Cu ion
modification strategy capable of boosting electron transition by inducing electron delocalization under visible
light. The introduction of Cu ions increased the degradation rate constant of ciprofloxacin (CIP) by nearly 44
times, surpassing most state-of-the-art photocatalysts. The in-situ characterizations and theoretical calculations
suggest that m-electron localization constitutes the origin of ineffective electron transition in PMOFs. The
introduction of Cu ions induces 7-electron delocalization to intensify the © — n* transition, forming electron-rich
centers of Cu to lower the energy barrier for O-O bond cleavage. This work offers fundamental insights into the
electron transition within PMOFs, upon which the universal strategy is proposed for improved water decon-

tamination performance via persulfate activation.

1. Introduction

Advanced oxidation processes (AOP) based on persulfate activation
allow the continuous production of reactive oxygen species (ROS) with
high oxidation potentials (e.g. SO4": 2.6-3.1 V, 'OH: 1.8-2.7 V), out-
performing other counterparts (e.g. CI®: 2.5V, Br®: 2.0 V) for degradation
of refractory pollutants from water [1-4]. Specifically, the low-cost and
safe peroxydisulfate (PDS) has been extensively applied as feedstock to
produce the ROS following appropriate activation pathways [5]. Among
these, visible-light-enabled activation seems plausible for affording ROS
in an energy-saving and sustainable fashion [6,7]. Similar to other solar-
to-chemical conversion systems [8-11], photocatalytic PDS activation
necessitates the participation of abundant photoelectrons to allow the
rate-limiting O-O bond cleavage by lowering the energy barrier for
producing ROS (Egs. 1-2) [10,12]. In this regard, the development of the
photocatalysts with superior performance is at the core to properly fit
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Metal-organic frameworks (MOFs), featuring well-defined molecular
building blocks, supply a perfect platform for the design of high-
performance photocatalysts because of flexible structural designability
and functional modifiability [13,14]. Normally, MOFs are constituted by
metal ions or clusters coordinated with organic ligands, where the li-
gands inside MOFs are often regarded as photosensitive motifs [15,16].
Porphyrin-based MOFs (PMOFs) have been demonstrated to possess
excellent performance toward visible-light absorption, which is related
to the porphyrin ligand molecules with intrinsically planar n-conjugated
structure [17,18]. It is however noticed that the photocatalytic perfor-
mance of PMOFs is largely hampered by the inefficient charge
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separation at the ligand site [19-21]. Combining the active metal-
—oxygen (e.g. iron-oxygen) cluster with the porphyrin ligand to initiate
ligand-cluster charge transfer (LCCT) excitation appears to be promising
to address this issue [22-24]. Nonetheless, the LCCT pathway requires
mutually matched molecular orbital energy levels between the ligand
and the cluster in PMOFs, which only come with limited success [22,25].

Alternative strategy taking advantage of independent charge sepa-
ration at porphyrin ligands with intrinsically planar n-conjugated
structure, should become feasible if the inherent electron transitions,
such as 1 — 7* transition, are activated. Proper photoexcitation of the
lone-pair electrons of N atoms in porphyrin could provide additional
opportunities to intensify charge separation. Rational design at molec-
ular level to tune the symmetric and planar n-conjugated framework
remains largely unexplored. Recently, the new insights from carbon
nitride (C3N4) display the encouraging excitation behavior upon form-
ing the charge transfer channels by introducing transition-metal species
into the m-conjugated structure [10,26-29]. It is therefore envisioned
that doping of transition-metal species may intensify the electronic
transition at the porphyrin ligand. This could lead to excellent photo-
generated electron utilization of PMOFs, allowing otherwise high-
energy-barrier bond cleavage in photocatalytic reactions. [10,30,31].

Herein, aluminum-based PMOF formulated as H,TCPP
[AIOH]5(DMF3(H50)5) (abbreviated as TCPP-Al, where TCPP stand for
tetrakis(4-carboxyphenyl) porphyrin) was employed as an example,
copper-doped TCPP-Al (termed as Cu@TCPP-Al) was further configured
for proof-of-concept demonstration [32]. The coordination environ-
ment, microstructure, and optical properties of Cu@TCPP-Al were
investigated using various characterization techniques. Then, we
comprehensively evaluated the photocatalytic performance of
Cu@TCPP-Al for PDS activation towards the degradation of a model
pollutant (ciprofloxacin) bearing an electron-withdrawing group. Af-
terwards, the dominant ROS in the catalytic system were identified
using radical quenching experiments and electron paramagnetic reso-
nance (EPR) spectroscopy. The investigation was facilitated by in-situ
characterizations and density functional theory (DFT), which allowed
us to unravel the electron transition pathways in the n-conjugated
structure of the ligand TCPP. This further clarified the impact of Cu
species in terms of PDS activation.

2. Experimental procedure
2.1. Chemicals

All chemicals and agents were analytical grade, and used without
purification unless otherwise specified. Aluminum chloride hexahydrate
(AICl3-6H20, AR), anhydrous copper acetate (Cu(CH3COO)2, AR), PDS
(NagS20s, AR), sodium hydroxide (NaOH, AR), ethanol (AR), N, N-
Dimethylformamide (DMF, anhydrous, AR), and hydrochloric acid (HCI,
37 %) were purchased from Sinopharm Chemical Reagents, China.
Ciprofloxacin (CIP, C;7H;8FN303, >98 %) was obtained from Shanghai
Aladdin Biochemical Tech. Co., Ltd., TCPP molecule was prepared
following established procedures [33]. Deionized water (R = 18.25 MQ)
was used in all the experiments.

2.2. Preparation of Cu@TCPP-Al

The pristine TCPP-Al was prepared via a simple solvothermal syn-
thetic route with modifications [7]. Typically, 150 mg of AlCl3-6H;0
and 200 mg TCPP were fully dissolved in 20 mL deionized water, which
was then loaded into a Teflon-lined autoclave and kept at 180 °C for 24
h. After cooling down to room temperature, the dark purple crystals
were collected by centrifugation at 11500 rpm for 10 min, followed by
washing with DMF and deionized water for three times, respectively.
Finally, Al-TCPP was obtained after drying at 80 °C overnight under
dynamic vacuum.

Cu@TCPP-Al was synthesized from Al-TCPP via a post-processing
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step [34]. In detail, AlI-TCPP was first activated overnight in dynamic
vacuum at 170 °C. Next, the activated Al-TCPP was transferred into 5 mL
of DMF solution containing 36.4 mg of anhydrous copper acetate, fol-
lowed by reacting at 100 °C for 48 h. The resultant brick-red solid
Cu@TCPP-Al was obtained via centrifugation at 11500 rpm for 10 min,
followed by sequentially washing with DMF, deionized water and
acetone, and finally dried at 60 °C.

2.3. Characterizations

The fundamental characterizations in more details are provided in
supporting information (SI), including X-ray absorption near-edge
spectroscopy (XANES), extended X-ray absorption fine structure
(EXAFS, Cu K-edge), aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), field-
emission transmission electron microscopy (FETEM), powder X-ray
diffraction (PXRD) patterns and X-ray photoelectron spectroscopy (XPS)
spectra, etc.

2.4. Pollutant degradation experiments

The CIP degradation experiments were performed at room temper-
ature utilizing a 300 W xenon lamp system equipped with 420 nm filter.
In detail, 4.0 mg of photocatalyst (80 mg/L) was homogeneously
dispersed in 50 mL of 10 mg/L CIP solution. The initial pH of suspension
was set to 7.02 using 0.1 M NaOH and HCI, followed by the addition of
12 mg of PDS (1 mM). The mixture was stirred in the dark for 30 min to
reach the adsorption-desorption equilibrium. The photocatalytic
experiment was then conducted at 25 °C. At different time intervals, 1.5
mL of suspension was gathered and centrifuged at 15,000 rpm for 2 min
to gain the supernatant. The photocatalyst was collected by centrifu-
gation at the end of each experiment, and then washed and dried for
cyclic test and stability evaluation.

2.5. Calculation methodology

Using the commercially available program Materials Studio 2017 R2
[35], the TCPP-Al and X@TCPP-Al (X = Fe, Co, Ni, and Cu) models were
created in order to screen out the metal with optimum binding affinity to
TCPP-Al and to investigate the origin of the ineffective n — n* transition
within TCPP-Al. Geometry optimization of the models, distribution of
partial density of states (PDOS), differential charge density and electron
localization function (ELF) calculations were implemented using the
CASTEP module [36]. The standard XRD patterns of the TCPP-Al and
Cu@TCPP-Al models were obtained by performing Reflex module cal-
culations on the geometrically optimized configuration. In particular,
the Perdew-Burke-Ernzerhof (PBE) exchange correlation generalization
function in the generalized gradient approximation (GGA) was
employed to describe the electron interactions, while the interactions
between the valence electrons and ion core were simulated by the pro-
jection enhanced wave (PAW) method [37]. The specific parameters
were as follows: the cut-off energy was set to 440 eV; the computational
accuracy of the electron self-association process was set to 2 x 10-° eV
atom™!; and the sampling type of the Brillouin zone was Gamma point
[38]. In addition, the different ion binding energies AE were calculated
using Eq. (3) as follows [21,39].

AE = EXZ@TCPP—AI - ETCPP—AI - EX (3)

where Ex@rcpp-al, Ercpp-a1 and Ex represent the total energy of TCPP-Al
after doping with X ion, the energy of TCPP-Al and the energy of X ion,
respectively.

The adsorption energy of PDS molecules (E,qs) at the TCPP-Al or
Cu@TCPP-Al interface was calculated by the following Eq. (4)

Euss = Epps_sib — Esiv — Epps @
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where Epps-siab, Esiap and Epps represent the total energy of TCPP-Al or
Cu@TCPP-Al after adsorption of PDS, the energy of TCPP-Al or
Cu@TCPP-Al and the energy of PDS, respectively.

3. Results and discussion
3.1. Synthesis and structural characterizations of Cu@TCPP-Al

The synthetic procedures of Cu@TCPP-Al are briefly shown in
Fig. 1a. Starting from the hydrothermal synthesis of TCPP-Al in Fig. S1a,
Cu@TCPP-Al was further obtained by a post-treatment step. The X-ray
diffraction (XRD) pattern of Cu@TCPP-Al matches well with that of
TCPP-Al (Fig. S1b and c), with absence of characteristic peaks assigned
to Cu compounds, signifying the highly dispersed status of Cu species.
The field emission scanning electron microscope (FETEM) images show
that the microstructure of Cu@TCPP-Al is in close proximity to that of
TCPP-Al, both of which are characterized by spindle-like shape with a
length of about 2 ym and a width of 500 nm (Fig. 1b and c). The com-
bined results confirm that the introduction of Cu species did not alter the
pristine crystal structure or morphology of TCPP-Al. Elemental mapping
reveals the evenly distribution of all the constituent elements (C, N, O, Al
and Cu) in Cu@TCPP-Al (Fig. 1d). We further confirmed the atomic
dispersion of Cu species in the TCPP-Al substrate, as clearly indicated by
the high-density scattered bright spots (green circles) in the HAADF-

a AICI,+6H,0

+ Hydrothermal
synthesis
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STEM image (Fig. 1e), with no identifiable Cu nanoparticles or clus-
ters [8]. Note that these spots cannot be attributed to other elements
involved in Cu@TCPP-Al (e.g., Al), due to their much smaller atomic
number than that of Cu. Additionally, the intensity profile (Fig. 1f) and
the 3D contour map (Fig. 1g) of the selected regions also point to the fact
that the high-density bright spots are dispersed separately at the atomic
level. Taking together, these results collectively suggest that Cu species
are highly dispersed at the atomic level in TCPP-AL It is worth
mentioning that the mass fraction of Cu species in Cu@TCPP-Al was
determined to be 11.96 % (Table S1) according to the results of induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES) which is
nearly identical to the theoretical value (11.30 %) obtained by DFT
calculation [21]. Hence, we propose that Cu species are anchored in
each TCPP ligand motif in the Cu@TCPP-Al. This lays a foundation for
investigating the charge separation behavior before and after the
introduction of Cu species at the porphyrin ligand inside the Cu@TCPP-
Al

The coordination environment and chemical state of Cu species in-
side Cu@TCPP-Al samples were analyzed using XANES and EXAFS. The
Cu K-edge XANES results in Fig. 1h suggest that the valence state of Cu
species in Cu@TCPP-Al is between 0 and + 2, as indicated by the po-
sition of the rising edge between Cu foil and CuO [40-42]. Additionally,
the Fourier-transformed (FT)-EXAFS curve of Cu@TCPP-Al (Fig. 1i) re-
veals a representative peak centered at 1.52 A, ascribed to the Cu-N
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Fig. 1. Schematic diagram of the synthesis of TCPP-Al and Cu@TCPP-Al (a); FETEM images of TCPP-Al (b) and Cu@TCPP-Al (c); X-ray energy dispersive images of
Cu@TCPP-Al (d); HAADF-STEM image of Cu@TCPP-Al (e), Line-scanning intensity profile along the direction of the two bright spots in the white circle area (f);
Atom-overlapping Gaussian-function-fitting 3D contour map of the yellow rectangle region (g); Cu K-edge XANES spectra (h) and FT-EXAFS (i) of Cu@TCPP-Al and
the reference Cu foil; FT-EXAFS fitting curve of Cu@TCPP-Al, the inset is the structural model (j).



W.-Q. Li et al.

scattering interaction [43]. The Cu-N coordination in Cu@TCPP-Al is
also identified by infrared (IR) spectrum at 1000 cm_l, without signals
assigned to Cu-O vibration (Fig. S2) [44-46]. It is evident that these Cu
ions are coordinated with pyrrolic N, which is the sole N source in the
TCPP ligand [47]. Subsequently, elaborate simulations were conducted
based on a structure model comprising Cu metallized porphyrin with a
standard Cu-N4 configuration. The local structure surrounding the Cu
ion in Cu@TCPP-Al aligns well with the established Cu-TCPP model
(Table S2), as supported by the fitted results of the major peak corre-
sponding to the Cu-N coordination bond in R space (Fig. 1j), consistent
with the FT-EXAFS result. These findings collectively confirm that the
introduced Cu ions exhibit saturated coordination with pyrrolic-N (Cu-
N4) in the Cu@TCPP-AL providing insight into its structural composition
and configuration.

3.2. Photocatalytic performance and reactive oxygen species

As a model pollutant widely distributed in water bodies, ciproflox-
acin (CIP) poses serious threat to human health and ecological safety.
Here, we investigated the impact of anchoring Cu ions on the photo-
catalytic efficacy of TCPP-Al for the degradation of ciprofloxacin (CIP),
employing a peroxydisulfate (PDS) activation process. Adsorption ex-
periments under dark condition unveiled a gradual plateau in the
adsorption of the target pollutant CIP by Cu@TCPP-Al after 10 min, with
a final adsorption percentage of approximately 21 % (Fig. 2a, purple).
Comparatively, the control group (bare PDS) contributed marginally to
the degradation efficiency (5.2 %) for CIP (Fig. 2a, black), due to the
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weak self-decomposition ability of PDS under visible light [9,48].
Within the Cu@TCPP-Al/PDS system, the degradation rate of CIP
reached 35 % within 70 min (Fig. 2a, orange). This enhancement can be
attributed to the introduced semi-oxidized Cu ion, which facilitated a
small portion of PDS activation but displayed limited catalytic activity,
due to the absence of a driving force for valence cycling. Similarly, the
Cu@TCPP-Al/Vis system only achieved 34 % degradation of CIP
(Fig. 2a, blue), owing to the limited oxidizing capacity of the photo-
generated holes. Moreover, it can be speculated that the generated holes
are able to partially oxidize CIP and thus provide electrons to the system
by comparing the degradation rates of CIP before and after illumination.
The TCPP-Al/PDS/Vis system demonstrated a rather low degradation
rate of 8.9 % after 70 min (Fig. 2a, green). In stark contrast, the
Cu@TCPP-Al/PDS/Vis system achieved nearly 100 % degradation effi-
ciency (Fig. 2a, red). The calculated pseudo-first-order kinetic constant
(k) for CIP degradation in the Cu@TCPP-Al/PDS/Vis system was 2.90
h~! (Fig. 2b), which was approximately 44 times higher than that of the
TCPP-Al/PDS/Vis system (0.066 h’l). Clearly, the introduction of Cu
ions markedly enhanced the photocatalytic performance of TCPP-Al in
PDS activation. Besides, Cu@TCPP-Al outperformed most state-of-the-
art photocatalysts except for BM-5 due to its limited number of active
sites, suggesting potential for further improvement in the future
(Table S3).

The dominant ROS in the Cu@TCPP-Al/PDS/Vis system was then
identified by radical quenching experiments and EPR spectra. As dis-
played in Fig. 2c, the removal efficiency of CIP decreases substantially
from 98 % to 7 % or 3 % (within 60 min) upon the addition of methanol
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Fig. 2. CIP degradation profiles of the photocatalysts at 25 + 2 °C under different conditions, the initial concentrations of photocatalysts, CIP and PDS were 80 mg/L,
10 mg/L and 1 mmol/L, respectively (a); Kinetics constants of CIP degradation over the TCPP-Al/PDS/Vis and Cu@TCPP-Al/PDS/Vis systems (b); Radical quenching
experiment (c) and trapped radical signal using EPR (d) in Cu@TCPP-Al/PDS/Vis systems, the concentration of quencher was 200 mM; Cycling test of CIP elimination
over Cu@TCPP-Al (e); IR spectra of Cu@TCPP-Al before and after reaction (f). Performance for CIP degradation in Cu@TCPP-Al/PDS/Vis systems under different pH

(g), anionic (h), and aqueous matrix conditions (i).
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or tert-butanol to the system, respectively. Methanol and tert-butanol
serve as quenchers for ‘'OH and SO4", respectively [48-50]. We believe
that ‘OH in the system is mainly generated by the reaction between HyO
and SO4" generated by PDS activation (Eq. (5), consistent with most
literature reports [2,51]. Also, no detectable ROS signal was observed in
TCPP-Al/PDS/Vis system (Fig. S3), highlighting that the significant in-
crease in CIP degradation efficiency is due in large part to the boosted
generation of free radicals enabled by Cu ions anchoring in TCPP-AL
Comparatively, EPR captured the gradually intensified signals of
DMPO-'OH and DMPO- SO3" adducts (Fig. 2d) with prolonged irradia-
tion time, further supporting that "OH and SO3" are the major ROS for
CIP degradation in the system.

The reusability and stability of Cu@TCPP-Al were further investi-
gated. As shown in Fig. 2e, the degradation efficiency of CIP in the
Cu@TCPP-Al/PDS/Vis system maintains high up to 94 % after four
consecutive degradation experiments, indicating the excellent reus-
ability of Cu@TCPP-Al photocatalyst [52,53]. On the other hand, the
chemical bonds and functional groups of Cu@TCPP-Al remained intact
after the reaction (Fig. 2f and Fig. S4). The XRD results reveal that the
crystalline structure of the samples did not change considerably
compared to the freshly prepared Cu@TCPP-Al (Fig. S5), in agreement
with the results of TEM (Fig. S6). We further monitored the pH change
during the reaction and found that the pH value dropped rapidly to 2.85
at the initial stage of the reaction and then remained essentially

D
o
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unchanged (Fig. S7), which was mainly attributed to the hydrolysis of
PDS (Eq. (5) and (6) that acidified the solution. Nevertheless, the ICP-
AES analyses show that the leaching amounts of Al and Cu in
Cu@TCPP-Al/PDS/Vis system were as low as 0.023 mg/L (loss ratio:
0.35 %) and 0.28 mg/L (loss ratio: 2.39 %) (Table S4), respectively [54].
These results demonstrate the excellent stability of Cu@TCPP-Al.

H,0 + SO;*— ¢OH + SO;” + H' )

H,0 + S,0” - H" + S0 + 0, (6)

Next, we carefully evaluated the potential of the catalyst to treat
practical water pollutants by evaluating the performance of the
Cu@TCPP-Al/PDS/Vis system under different water matrix conditions.
As shown in the Fig. 2g, the degradation efficiency of the system did not
change significantly under acidic condition, which experienced slight
decrease with increasing pH, due in large part to the inhibited ROS ac-
tivity under alkaline environment[51,55,56]. Nevertheless, more than
71 % of CIP was removed even under strong alkaline condition (initial
pH = 11.06). Also, the interfering ions (anions) and humic acids that are
widely existed in complex water bodies, were found to exert minimal
impact on the degradation efficiency towards CIP (Fig. 2h) [57,58]. We
further evaluated the application potential of the Cu@TCPP-Al/PDS/Vis
catalytic system using two practical water samples, with their common
parameters listed in Table S5. The degradation efficiency of CIP

O

b os
65‘ ——TCPP-Al ——Cu@TCPP-Al
; o Light Cu@TCPP-AIl —~ | ——TcCPP-AI
© 2 Dark 5
:1.2 50_4 l / s
Q - >
c c b Age= 420 nm
g m - Tt g g E
0061 —rcepal § 0.2 £
P ——Cu@TCPP-Al 3
——TCPP £ \
0.0 0.0 :
400 500 600 700 800 0 300 600 900 1200 600 650 700 750 800
Time (s) Wavelength (nm)

Wavelength (nm)

Y¢ TCPP-AI
Y¥ Cu@TCPP-AI

T=60.1+298ns

g
o

Normalized TA signal (a.u.) o
o
3

0 10 20 30 40
Probe delay (ns)

«Q
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remained unchanged in tap water compared to that of pure water, but it
decreased in wastewater. This may be due to the coexisting organic
pollutants in the wastewater consuming part of the generated ROS.
Nevertheless, the Cu@TCPP-Al/PDS/Vis system was capable of
degrading about 72 % of CIP within 70 min. The combined results from
the degradation experiments indicate the encouraging performance of
the catalyst for antibiotic removal in real wastewater.

3.3. Optical properties of Cu@TCPP-Al

The optical properties of Cu@TCPP-Al were extensively studied to
reveal the potential changes after the introduction of Cu ions. As shown
in Fig. 3a, the intrinsic planar n-conjugated structure of TCPP molecule
exhibited a series of absorption peaks within 400-800 nm, which also
held true for TCPP-Al with similar absorption profiles [17,18]. The LCCT
process, as expected, did not occur in TCPP-Al, since the quadruple
peaks of TCPP-Al in the 500-700 nm region (Q bands) are not red-
shifted compared to those of TCPP molecule (Fig. 3a) [13,17,25].
Additionally, there were no matching energy levels of molecular orbitals
(no overlap) between the AI(OH)O4 cluster and TCPP ligands(Fig. S8),
suggesting the absence of LCCT in TCPP-Al under light condition, in line
with the findings of UV-Vis diffuse absorption spectra [59]. Compara-
tively, the stronger absorption peak centered at 420 nm in the UV-vis
spectrum of Cu@TCPP-Al (Fig. 3a) suggests more efficient 1 — n*
transition when Cu ions were introduced, relative to that of bare TCPP-
Al [60,61]. Another evident change is the single peak at around 530 nm
in Cu@TCPP-Al, this also points to the activated = — n* transition
stemming from the rectified n orbitals, due to the delocalization of long-
pair electrons from N atoms after anchoring Cu ions [17].

Given the pivotal role of the energy band structure in photocatalytic
performance, we systematically evaluated the effect of Cu ions doping
on the energy band structure of TCPP-Al. Using the Tauc method [62],
the band gaps (Eg) of TCPP-Al and Cu@TCPP-Al were determined to be
1.6 and 1.7 eV (Figs. S9a and b), respectively. The Mott-Schottky results
confirm that both TCPP-Al and Cu@TCPP-Al are n-type semiconductors,
with flat-band potentials (Epg) at —0.57 and —0.46 V vs. Ag/AgCl, (i.e.,
—0.373 and —0.263 V vs. NHE, pH = 6.8), respectively (Figs. S9c and d).
Since the conduction band potential (Ecp) of n-type semiconductors is
around 0.3 V lower than Egg, the Ecg of TCPP-Al and Cu@TCPP-Al were
—0.673 and —0.563 V vs. NHE, respectively [59]. Accordingly, the Ecg/
Eyp (valence band potential) positions of TCPP-Al and Cu@TCPP-Al
were calculated (Eq. (7) to be —0.67 V/0.93 V and —0.56 V/1.14 V vs.
NHE (Fig. S10), respectively.

Eg = Evyp - Ecp @

In comparison to TCPP-Al, such slight variations in the band gaps and
electronic band edges after introduction of Cu ions would not signifi-
cantly affect the photocatalytic performance [21]. Note that the Eyp
positions of both TCPP-Al and Cu@TCPP-Al are lower than Egy
(H,0/'0H = 2.40 V), implying that the photogenerated holes are
thermodynamically unfavored to produce ‘OH via HyO oxidation.
Consequently, it is inferred that the generation of the radicals in the
Cu@TCPP-Al/PDS/Vis system should be attributed to the PDS activation
by photogenerated electrons.

3.4. Mechanisms for enhanced CIP degradation over Cu@TCPP-Al

The distinct electron transition in Cu@TCPP-Al can potentially lead
to improved charge separation efficiency at TCPP ligand, which in turn
substantially enhanced the photocatalytic performance after intro-
ducing Cu ions. After photoexcitation by visible light, the photocurrent
density in Cu@TCPP-Al is noticeably higher than that in TCPP-Al, as
indicated by the transient photocurrent response curves (Fig. 3b). This
demonstrates that introducing Cu ions facilitates the charge transfer at
the TCPP ligand inside TCPP-Al. The photoluminescence (PL) intensity
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of TCPP-Al is at 10° level (Fig. 3c), signifying the strong radiative
recombination of electrons and holes [19]. Comparatively, Cu@TCPP-Al
exhibits no detectable PL signal, providing solid evidence that the
introduced Cu ions effectively suppress the photogenerated carrier
recombination at TCPP ligand. Additionally, the kinetic behavior of
photogenerated carriers were studied quantitatively by nanosecond
transient absorption (NTA) spectroscopy to support the PL emission
results. Specifically, the kinetic decay of the signal was recorded to
obtain the lifetimes (Eq. (3), where the detection wavelength was set as
660 nm or 720 nm with reference to the PL spectra. Typically, the decay
lifetime is positively correlated with the duration of the intermediate
state, where photogenerated electrons cannot participate in the reaction
because of confinement [8]. As shown in Fig. 3d and S11, the ineffective
electron transition process within TCPP ligands eventually results in a
lifetime of up to 60.1 ns (53.7 ns for 720 nm) for TCPP-AL In contrast,
Cu@TCPP-Al presents an ultrashort lifetime of only 6.6 ns (6.4 ns for
720 nm). These findings clearly demonstrate that the anchoring of Cu
ions could considerably intensify the charge separation, benefiting from
the activation of intrinsic electron transitions in TCPP-AL.

The origin of the dramatically intensified electron transitions after
Cu ion modification was further explored by theoretical calculations.
The electron localization function simulation results show that the
n-electron cloud around the pyrrolic N at the center of the ligand TCPP in
TCPP-Al exhibits a distinct localization feature (Fig. 3e), which is
ascribed to the inherent planar zn-conjugated effect [63,64]. Previous
reports suggested that the localized electrons are less likely to delocalize
from the conjugated system after excitation, due to the disordered and
random in-plane migration [10,26]. This significantly raises the likeli-
hood that photogenerated electrons and holes will recombine, leading to
ineffective charge separation processes. In contrast, the localization
degree in Cu@TCPP-Al is greatly reduced (Fig. 3f), manifesting that the
introduction of Cu ions substantially facilitates delocalization. The dif-
ferential charge density maps reveal that Cu ions induce a deformation
and even partial isolation of the r-electrons cloud around pyrrolic N
(Fig. 3g). The partial density of states also shows that the n-electrons
cloud density in the N 1 s orbital decreases obviously after introducing
Cu ions (Fig. S12a). Additionally, the high-resolution N 1 s XPS spectra
signify that the original C = N and N-H covalent bonds are dominated by
N-Cu coordination bonds after introducing Cu ions (Fig. S12b) [10,65].
These findings further indicate that some of the n-electrons around
pyrrolic N are isolated from the planar n-conjugated system, that is, the
delocalization starts to play pivotal role to excite the rn-electrons for
efficient charge separation [64,66]. Hence, the DFT calculations suggest
that the n-electron localization in the planar n-conjugated system is
primarily responsible for the feeble electric transition at TCPP ligands.
In comparison, the introduction of Cu ions enhances efficiency in terms
of delocalizing partial n-electrons for improved electron transition at
TCPP ligands. The strengthened delocalization effect is also identified in
other widely explored transition-metal species systems, as indicated by
the calculation results of electron localization function (Fig. S13).
Among these, Cu ions feature the strongest binding ability to TCPP-Al
(Fig. S14), keeping consistent with the aforementioned stability of
Cu@TCPP-Al in photocatalytic performance evaluation.

Finally, the relationship between the improved electron transitions
and PDS activation was elucidated through analyzing the behavior of the
delocalized n-electrons with the support of in-situ EPR data. The weak
spin signal centered at g = 1.996 in TCPP-Al under dark condition arises
from the unpaired electrons in TCPP ligand (Fig. 4a) [20,67]. No
discernible change was detected after 2 mins of illumination, which is
indicative of the localized state of the w-electrons [10,26]. For
Cu@TCPP-Al, an obvious spin signal assigned to Cu ion with unsatu-
rated 3d orbital was observed at g = 2.045 under dark condition (Fig. 4a)
[68,69]. The gradually attenuated signal intensity with prolonging
irradiation time should be ascribed to the isolated electrons around
pyrrolic N leaping into the Cu 3d orbital. Consequently, the in-situ EPR
results establish that the delocalized n-electrons around pyrrolic N in
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Cu@TCPP-Al after visible light irradiation are easily excited and trans-
ferred to Cu 3d orbital, forming electron-rich centers that reduce the
reaction energy barrier [10,12]. Besides, the adsorption and activation
behaviors of PDS molecules in TCPP-Al before and after Cu ions doping
were studied by DFT calculations. Compared with TCPP-Al (—5.70 eV),
PDS has a better affinity to Cu ion with a more negative adsorption
energy (—5.98 eV) in Cu@TCPP-Al, which is more conducive to the
subsequent activation process (Fig. 4b) [48]. As expected, the energy
barrier for the rate-limiting step in the PDS activation process, i.e., the
0-O bond cleavage pathway, is reduced from 0.69 to 0.44 eV after
doping Cu ions, as shown in Fig. 4c.
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To sum up, the introduced Cu ions afford efficient electron transi-
tions inside TCPP-Al upon illumination by delocalizing the n-electrons
around pyrrolic N within TCPP ligands. Along with this, the delocalized
n-electrons are transferred to the Cu ions site for efficient activation of
PDS to generate ‘OH and SO4°, which ultimately contribute to the
effective degradation of CIP (Fig. 5).

4. Conclusion

This work demonstrates, for the first time, that activated 7 — =*
transition induced by Cu ions over PMOFs can enhance photocatalytic

hv

o"e,,
&y, U
Mgy 0
PN
Yop
e

ﬂ'*l C—=€C =€ — C—

e ¢

Cu 3d states
(Trapped electrons)

X

F)
v

Excitation

6.6 ns

OURT 2

T h'- h™— h™— h—

Cu@TCPP-Al

Fig. 5. Schematic diagram of n — =* transition at the ligand before and after doping of Cu ions.
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activation of PDS, leading to efficient pollutant degradation. The
developed Cu@TCPP-Al photocatalyst achieves approximately a 44-fold
higher kinetic constant in CIP degradation under visible light irradia-
tion. Electron localization in the n-conjugated structure constitutes the
primary reason for the ineffective © — n* transition at the PMOF ligands.
However, the introduction of Cu ions into the conjugated framework
enables efficient electron transitions by partially delocalizing the
n-electrons. Further results indicate that the delocalized n-electrons can
migrate to Cu sites and form electron-rich centers under visible light
irradiation. This process activates the adsorbed PDS molecules are
activated by lowering the energy barrier for O-O bond cleavage,
generating ‘OH and SO4" as ROS for efficient catalytic degradation. The
enhanced electron transitions within the ligand porphyrin via delocal-
ization can be rationally extended to other common transition-metal
systems. This study provides a molecule-level insight into the charge
separation process inside PMOFs, promising rational design for
improved decontamination performance via advanced oxidation
process.
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