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Experimental

Materials

All commercial chemicals and analytical grade solvents are supplied by Shanghai Macklin

Biochemical Co. Ltd and can be used without further purification.

Preparation of UiO-66(Zr) and BiOCl/UiO-66(Zr)

ZrCly (6.65 mmol), an excess terephthalic acid (BDC) (10.11 mmol), HCI 37 % solution (1 mL) and
N, N-dimethylformamide (DMF) (200 mL) were put into a glass flask and stirred continuously for 10 min.
Then transfer the mixture to a 250 mL hydrothermal reaction vessel and incubate it in a 130°C convection
drying oven for 24 h. The obtained white precipitate was washed with DMF (3 x 50 mL) and ethanol (3 x
50 mL), and finally activate the sample by heating it in a vacuum drying oven at 80°C for 24 hours [1].
Under the same conditions, BiOCIl/UiO-66 (Zr) was prepared by replacing UiO-66(Z1/Ti) with UiO-66(Zr),

and the sample was labeled as BZ.

Characterization of photocatalysts

The X-ray diffractometry (XRD) using a Shimadzu XRD-6000 diffractometer with Cu Ka irradiation.
The specific surface area of samples was calculated using Brunauer-Emmett-Teller (BET) method and the
pore-size distribution was assessed by the sorption/desorption isotherms of N2 employing Barrett-Joyner-
Halenda (BJH) equation on TreStar 3020. The scanning electron microscopy (SEM) images was performed
using a Hitachi S-4800. TEM images were taken using a PHILIPS Tecnai 12 microscope operating at 120
kv. Energy Dispersive X-ray Spectroscopic analysis (EDS) was performed with a JEM-2010(HR)
transmission electron microscope at an acceleration voltage of 200kV. High Resolution Transmission
electron microscopy (HRTEM) was performed on Philips-FEI Tecnai G2 F20 operating at 300kv. The

specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) method. In addition, the



XPS measurements were carried out on an ESCALAB 250Xi spectrometer (Thermo Scientific, USA) in
dark conditions. All samples were analyzed under a pressure of less than 1.0 X 10-° Pa. Spectra were acquired

through the avantage software (Version 5.979) with a step of 0.05 eV. The UV-Vis diffuse reflectance
spectra (UV-vis DRS) of the catalysts were recorded on a UV-Vis spectrometer (Lambda 750) within the
range of 200 - 1100 nm. Photoluminescence spectra (PL) of the catalysts were carried out on a
spectrophotometer (LabRAM HR Evolution). Contact potential difference (CPD) was measured on a kelvin
probe apparatus (Instytut Fotonowy, Poland). And the work function of the probe is calibrated to be 4.25
eV by the highly oriented pyrolytic graphite as a standard reference surface. Ultraviolet photoelectron
spectroscopy (UPS) measurements were acquired using a Thermo Fisher Nexsa. A He-lo lamp (hv =21.22
eV) was used as the radiation source and the samples were kept under -5 V bias during the measurement.
X-ray absorption fine structure spectroscopy (XAFS) at the Zr K-edge, and Ti K-edge (transmission mode)
was operated at the beamline BL11B of SSRF (Shanghai Synchrotron Radiation Facility), Shanghai Institute

of Applied Physics, Chinese Academy of Sciences (CAS).

Photocatalytic degradation experiments

Photocatalytic degradation of RhB by BZT in different water matrices under visible LED irradiation.
Water samples: deionized water (D.1.), Xinhu Lake water (from Taizhou University campus, Taizhou), and
Yongning River water (from Jiaojiang District, Taizhou). All natural water samples were filtered through a
0.45 ym membrane before use. Initial RhB concentration: 100 mg-L-!; catalyst dosage: 10 mg in 50 mL
solution. The intermediates produced in the photodegradation process of RhB were identified by high
performance liquid chromatography-mass spectrometry (LC/MS). Mobile phase was a mixture of 5
acetonitrile and formic acid (0.1%) with a flow rate of 0.25 mL/min. The injection volume was 5.0 uL. The
fragment voltage was 135 V and the capillary voltage was 2800 V. The mass range of the MS is m/z 100-
600. The total organic carbon content (TOC) and mineralization during the photocatalytic degradation

process were measured using a Shimadzu TOC-V total organic carbon analyzer (Shimadzu, Japan).



The degradation rate R was estimated according to the following equation:
R (%) = [(Cy-Cy)/Cy]*100% (S1)
The rate constant K was calculated according to the pseudo-first kinetics equation as follows:
K=-In(C/Cy)/t (S2)
where Cy and C, denote the RhB concentration at the starting time and after irradiating, respectively.

Oxidation experiment of methyl phenyl sulfide (MPS): a 25 mL glass vial was employed as the reaction
vessel. Initially, 10 mg of photocatalyst and 0.3 mmol of MPS were dissolved in 5 mL of a mixed solvent
(H20:CH:CN = 1:3, v/v) under continuous magnetic stirring. After stirring for 0.5 h, the vial was sealed
under an O: atmosphere and irradiated at room temperature with a 100 W UV light positioned 10 cm away
from the side of the reaction vessel for 1.5 h. Upon completion of the reaction, the resulting mixture was
extracted with ethyl acetate to separate the organic phase from the aqueous phase. The conversion and
selectivity were determined by gas chromatography-mass spectrometry (GC-MS). The spent catalyst was
recovered via centrifugation, washed four times with deionized water and ethanol, dried, and subsequently

reused for the next catalytic cycle.
Photocatalytic oxidation of methyl phenyl sulfide (MPS)

The conversion of MPS was calculated as:

MPS MPS ) ~MPS
cMPS _ cMPS)c

Con. (%) = [( 0)] x 100% (S3)

CM 5’5 CM PS

where and ~ t represent the initial concentration and the concentration at time ¢ of MPS,

respectively.

The selectivity Methyl Phenyl Sulfoxide (MPSO) formation was defined as:



CMESO/(cMPS — cMPS)] x 100%

Swrso (%) = | (S4)

MPSO
where t is the concentration of MPSO at time ¢, and the denominator accounts for the total

consumed MPS.
Degradation turnover

The degradation turnover number (TON) is calculated based on the mass of the catalyst (mg), reaction

time (h), and pollutant concentration (ug/L) [2].

(CO - Cfinal) XV
Xt

TON = mcatalyst (SS)

where Cy and Cgpy are the pollutant concentrations (ug/L) before and after the reaction, myys: 1s the

mass (mg) of the solid catalyst used, t is the reaction time (h), and V is the volume (L) of the solution.

Band structure analysis

The band gaps (E,) of the samples were calculated by applying the subsequent equation (Eq. (S6))[3]:

(ahv)=A(hv-E,) (56)

where a denoted the absorption coefficient, 4 signified the Planck constant, v represented the frequency
of the photon, A was a proportionality constant, and E, referred to the optical bandgap. Additionally, the
index N was defined as N=1/2 for indirect bandgap semiconductors and N =2 for direct bandgap
semiconductors, elucidating the characteristics of the electronic transitions occurring within the materials.

Moreover, the EVB, NHE positions of the semiconductors were determined using the following formula

(Eq. (S7)):

Evp nue= ¢ +Evp, xps - 4.44 (S7)



where Eyp yue denoted the valence band potential associated with the normal hydrogen electrode
(NHE), ¢ signified the working function of the instrument, and the value of 4.44 eV was utilized to calibrate
the discrepancy between the results obtained from XPS measurements and the reference potential of the

NHE.

Influence of Environmental Factors on Photocatalytic Activity

The effects of different ions on RhB degradation were investigated; 5 mM CI, SO,>, HPO,*, HCOy,
Ca?" and K* were added to the system. In addition, the pH of the initial RhB solution was adjusted using

NaOH and H,SO, solutions.

Cyclic experiment

In each cycle of the photocatalytic reaction, the used BZT was collected and rinsed, and then dried
overnight. The obtained sample was reintroduced into a new reaction system for cyclic experiments to

determine the reusability of BZT.

Free radical trapping experiments

Free radical trapping experiments were conducted based on the above experimental procedures, using
5 mM ethylenediaminetetraacetic acid disodium salt (EDTA-2Na), Na;N, isopropanol (IPA), and
benzoquinone (BQ) as scavengers for photogenerated holes, singlet oxygen, hydroxyl radicals, and

superoxide radicals, respectively.

Electrochemical measurements

Electrochemical and photoelectrochemical measurements were carried out on an electrochemical
workstation (CHI 660E, Shanghai) with a standard three-electrode system. The powder coated on indium-

tin-oxide (ITO) glass substrate was applied as the working electrode. 10 mg powder was suspended into 1



mL absolute ethanol and then the slurry was dropwise added on a ITO substrate (15 mm % 30 mm). The
working electrode was exposed to air for 10 h to remove the ethanol. Platinum wire and Ag/AgCl electrode
were used as the counter electrode and reference electrode, respectively. The electrolyte was 0.1 M Na,SO,

solution and illumination source was a 300 W Xe lamp providing simulated solar light.
EPR measurements

EPR spectra using TEMP as a trapping agent were recorded using a Wilmad WG-810-A quartz flat
cell in a mixture of O, substrated H,O/MeOH (1:4 v/v) of BCT (4 mg mL-") and TEMP (1.2 M). ESR spectra
utilizing DMPO as a trapping agent were recorded using a Wilmad WG-810-A quartz flat cell in a mixture
in Oy substrated H,O/MeOH (1:4 v/v) of BZT (4 mg mL-") and DMPO (1.8 M). ESR analysis was carried

out at microwave frequency of 9.21 GHz at 298 K in the dark or under visible light (A > 420 nm).
Computational methodologies and models

All the calculations are performed in the framework of the density functional theory with the projector
augmented plane-wave method, as implemented in the Vienna ab initio simulation package [4]. The
generalized gradient approximation proposed by Perdew-Burke-Ernzerhof (PBE) is selected for the
exchange-correlation potential [5]. The cut-off energy for plane wave is set to 480 eV. The energy criterion
is set to 107* eV in the iterative solution of the Kohn-Sham equation. All the structures are relaxed until the
residual forces on the atoms have declined to less than 0.02 eV/A. To avoid interlaminar interactions, a

vacuum spacing of 20 A is applied perpendicular to the slab. Here, we define
Bp = ppiociymor ~ PBioct ™ PMOF as the charge density difference of BiOCI/MOF heterostructure, where

PBIOCI/MOF, PBIOCL and PMOF are the charge densities of BIOCI/MOF heterostructure, isolated BiOCI and

MOF slabs, respectively. We use the Bader charge to express the charge transfer quantity.
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Figure S1. The rate constants of RhB degradation by different catalysts.
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Figure S2. The results of the photocatalytic degradation of RhB by BZT under natural sunlight.

On May 15, 2025, we conducted an experiment on the photocatalytic degradation of RhB by BZT in natural
sunlight in Taizhou. The reaction took place from 9:30 to 10:30, during which the reactor was exposed to
direct sunlight at temperatures ranging from 25 to 30 °C. Due to weather conditions, the other catalysts
BiOCl, UiO-66(Zr), UiO-66(Zr/Ti), and BZ were subsequently tested on May 28 to 30 from 9:30 to 10:30,

with an exposure temperature of 26 + 5 °C.
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Figure S3. (al, a2) different catalysts; (bl, b2) different RhB concentrations; (cl, c¢2) different powers
affecting RhB photodegradation.

The effects of catalyst dosage and pollutant concentration were systematically studied. An optimal
dosage of 15 mg BZT resulted in peak performance, with no significant gain beyond this threshold (Figure
S3a). Similarly, RhB degradation efficiency declined at initial concentrations above 200 mg-L-' due to
saturation of active sites (Figure S3b). These results suggest that BZT remains effective across a broad
pollutant concentration range and maintains high catalytic activity under ultra-low power densities, making
it suitable for real-world, low-light environmental conditions such as indoor or overcast settings. Notably,
efficient degradation was maintained under LED sources: 65 % removal at 5 W and full degradation within

30 min at 40 W, with a maximum reaction rate constant of 0.15 min'! (Figure S3c¢).
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Figure S4 (a) Different pH. (b) Different ions.

To assess the environmental robustness of the BZT photocatalyst, we systematically investigated the
effects of initial solution pH and common coexisting ions on RhB degradation performance under 10 W
LED irradiation. As depicted in Figure S4a, the photocatalytic efficiency exhibited a strong dependence on
pH. BZT maintained high activity (= 90 %) under acidic to neutral conditions (pH < 7), while the degradation
rate dropped sharply to < 25% in alkaline media. This trend is attributed to changes in the charge state of
RhB: at pH < 7, RhB primarily exists in a cationic form (RhB"), which is electrostatically attracted to the
negatively charged catalyst surface, promoting adsorption and degradation. Conversely, under basic
conditions, RhB likely exists as a neutral or negatively charged species (RhB? or RhB-), resulting in
electrostatic repulsion and lower adsorption affinity. Moreover, alkaline pH may suppress the generation or
stability of key reactive oxygen species (ROS), such as -OH and -O,, thus reducing photocatalytic
efficiency. The influence of coexisting ions, including Cl-, SO,*, HCO;, HPO,*, K7, and Ca?*, was also
examined (Figure S4b). Inert cations (K*, Ca?") and common anions (Cl, SO,*) exhibited negligible
interference, likely due to their weak interaction with either RhB or the catalyst surface. In contrast, HCOs-
and HPO,> showed notable inhibitory effects, particularly HPO,>, which reduced the RhB removal rate to
24 %.The inhibition is attributed to two factors: (1) Competitive adsorption-polyvalent anions like HCO;
and HPO,> can occupy surface active sites, hindering RhB adsorption and ROS generation; (2)

Complexation with metal centers- HPO4> may coordinate with surface Zr*" and Ti*" nodes to form stable

10



phosphate complexes (e.g., Zr(HPO,),, Ti(HPO,),), leading to site passivation and loss of catalytic activity.
These results collectively demonstrate that the BZT catalyst exhibits excellent pH tolerance and ionic

stability, especially in realistic water matrices, reinforcing its potential for practical wastewater treatment

applications.
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Figure S5. (a,b) Cyclic experiments of BZT degradation of RhB; (b) XRD, (c) and SEM of BZT before and

after the photocatalytic reaction.
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Figure S6. UV-vis DRS spectra of prepared samples.
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Figure S8. UPS spectra of BiOCI and UiO-66(Zr/Ti). According to the values of cutoff and the highest

occupied states (HOS), ionization potential ([P, equivalent to valance band vs. Vacuum) could be obtained

with the equation of /P =21.22 eV -(Ey,er - HOS).
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Figure S10. (a) XPS spectra of full spectra analysis of samples, (b) C s, and (c) O 1s of samples.

In the high-resolution C 1s spectrum (Figure S10b), three distinct peaks were observed at approximately
284.8, 286.3, and 288.8 eV, which can be attributed to sp* C—C bonds from amorphous carbon or aliphatic
chains, sp? C=C bonds from conjugated carbon systems, and oxygen-containing groups such as C—O/C=0,
respectively. Similarly, the high-resolution O 1s spectrum (Figure S10c¢) exhibits two major peaks at 530.3

and 531.4 eV, corresponding to lattice oxygen and oxygen vacancy-related species, respectively[6].
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Figure S11. LC-MS spectrum of RhB and degradation intermediates under visible light irradiation

min, (b) 20 min, (¢) 30 min, (d) 40 min, (e) 50 min, (f) 60 min.

Proposed RhB Degradation Pathway

550 500

:(a) 10

To elucidate the degradation process of Rhodamine B (RhB) under low-power LED illumination, liquid

chromatography-mass spectrometry (LC-MS) analysis was conducted after photocatalysis using BZT

(Figure S11). The major intermediate species identified allowed for the reconstruction of a plausible

stepwise degradation pathway, as shown in Figure 6i. The degradation begins with a stepwise N-

deethylation process, in which RhB (m/z = 443) is gradually converted to N,N,N’-triethylated (m/z = 415),

diethylated (m/z = 387), monoethylated (m/z = 359), and ultimately non-ethylated rhodamine (m/z=331)[7,

18



8]. This sequence reflects the selective cleavage of the C-N bonds, likely facilitated by -O, attack at the
amino groups. Subsequently, the xanthene chromophore is disrupted via aromatic ring opening and
hydroxylation, yielding low-molecular-weight fragments such as m/z = 262, 196, 103, and 74. These
products suggest further non-selective oxidation steps involving hydroxyl radicals (-OH) and singlet oxygen
10,)[9, 10]. Taken together, the RhB degradation pathway involves: (i) Successive N-deethylation, (ii)
Chromophore ring cleavage, (iii) Hydroxylation and decarboxylation, and (iv) Complete mineralization to
CO,and H,O. This transformation is mainly driven by -O," and supported by -OH and 'O, as secondary
reactive oxygen species (ROS), in line with EPR and scavenger test results.

To evaluate the environmental safety and biocompatibility of the photocatalytically treated RhB
wastewater, a seed germination test using pea (Pisum sativum) was conducted under natural conditions with
three different irrigation sources: deionized water (control), untreated RhB solution, and BZT-treated RhB
solution. As shown in Figure 6j, seeds irrigated with the untreated RhB solution exhibited severe
germination inhibition, with almost no sprouting observed. In contrast, the seeds exposed to
photocatalytically treated RhB water-especially after 60 minutes of LED irradiation-demonstrated healthy
and uniform germination, comparable to the control group. These observations suggest that the residual
organics and intermediate products remaining after BZT-catalyzed photocatalytic degradation are largely
non-toxic, posing negligible phytotoxicity to plants. Therefore, the treated effluent is not only decolorized
and mineralized effectively but also environmentally benign, underscoring its potential for safe reuse in

agricultural or ecological applications.
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Table S1. The average pore diameter, specific surface area, and pore volume of the prepared sample.

SgET Average pore size Pore volume
Sample
(m?/g) (nm) (cm’/g)
BiOCl 14.768 18.845 0.052
Ui0-66(Zr/Ti) 827.198 4.768 0.409
BZT 229.491 9.678 0.248
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Table S2. Comparison of the removal ability of heterojunction catalysts for RhB.

. Energ
Dosa Irradi
Volume RhB ation Dr Light source y
Photocatalyst | 8€ | o TON e lioh Consu | Ref
(mg) (mL) (mg/L) t1m)e( (%) (visible light) mptio
n(J)
BiOCI/Bi- Xenon lamp 350 | 3.78{5
MOF 5 50 10 03 | 99 | 330 W or | o
; ; Xenon lam
BIOCIAZn/Ti) | 40 30 > | 963 | 289 P 2168
LDH (300 W) 10
BiOCI/BiVO, | 50 100 10 09 | 99.5 | 221 | Xemon %?,‘)np (300 92(2)? [13]
BiOCIVKTO | 50 100 10 15 | 100 | 133 | enon if]?p (500 2'70%{ o
Bi/P-BiOCl | 50 100 20 0.5 | 973 | 778 | Xemon %?]‘)np (3003 "f M ons
PANI/BiOCV/ Philips lamp | 3.24(%
o 12 20 5 2 96 4 (45w) o | 16l
S- Xenon lamp 4320
BiOCI/TaON/ | 10 50 5 04 | 98 | 61.3 2217
: (300 W) 10
81203
. 95.8 Xenon lamp 1.545
Cd/Zr-Ui0-66 | 10 100 20 1.7 ; 112 (252 W) oo | 18]
UiO-66/BiOBr | 100 50 10 07 | 97 | 69 | Xemonlamp(300 | 7.565 | g,
w) 10°
: LED lamp 0.36f5 | This
BiOCI 10 50 100 | 1.0 | 54 | 270 (10W) 105 | work
. LED lamp 0.36f5 | This
Ui0-66(Zr) | 10 50 100 | 1.0 | 21 | 105 (10W) or | work
. . LED lamp 0.36f5 | This
Ui0-66(Zr/Ti) | 10 50 100 | 1.0 | 38 | 190 (10W) 105 | work
BiOCI/UiO- LED lamp | 0.36% | This
66(20) 10 50 100 | 1.0 | 69 | 345 (10W) 00 | work
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BiOCl/UiO-
66(Zr/Ti)

10

50

100

1.0

98

490

LED lamp
(10W)

0.36
10°

This
work

Notes: / means unknown, energy consumption is calculated by: W = P x T. Here, W (J) is the electrical

energy consumption; P (W) is the output power of the lamp; T is the time.
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Table S3. EXAFS fitting data.

Sp? shell | CN* R(A) o’ AE, | R factor

Ti foil 0.95 Ti-Ti 12 2.92+0.01 | 0.0137 8.81+2.79 0.0055
Ti-Ti 2 2.51£0.01 | 0.0078

Ti-sample | 0.95 Ti-O 4 1.97+0.01 | 0.0022 5.95+0.82 0.0027
Ti-O 3.7 3.08+0.01 | 0.0003
Ti-Zr 1.8 3.51+0.01 | 0.0080

Zr foil 0.98 Zr-Zr | 6 3.21+0.01 | 0.0030 -1.01£0.60 | 0.0090
Zr-Zr | 6 3.34+0.01 | 0.0150

Zr-sample | 0.98 Zr-O 6.1 2.19+0.01 | 0.0057 2.42+0.40 | 0.0022
Zr-O 1.2 2.79+£0.01 | 0.0099
Zr-Ti | 4.1 3.52+0.01 | 0.0106

CN: coordination numbers; R: bond distance; o?: Debye-Waller factors; AE,: the inner potential correction.
R factor: goodness of fit. Error bounds that characterize the structural parameters obtained EXAFS
spectroscopy were estimated as:CN+20%; R-+-1%; o%+ 20%.
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