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Full-Spectrum Utilization of ZIF-67/Ag NPs/NaYF,:Yb,Er
Photocatalysts for Efficient Degradation of Sulfadiazine:
Upconversion Mechanism and DFT Calculation

Weijin Yang, Cheng Bu, Min Zhao, Yafei Li, Shihai Cui,* Jing Yang,* and Hongzhen Lian*

In this work, novel ternary composite ZIF-67/Ag NPs/NaYF ,:Yb,Er is
synthesized by solvothermal method. The photocatalytic activity of the
composite is evaluated by sulfadiazine (SDZ) degradation under simulated
sunlight. High elimination efficiency of the composite is 95.4% in 180 min
with good reusability and stability. The active species (ht, -O,~ and -OH) are
identified. The attack sites and degradation process of SDZ are deeply
investigated based on theoretical calculation and liquid chromatography-mass
spectrometry analysis. The upconversion mechanism study shows that
favorable photocatalytic effectiveness is attributed to the full utilization of
sunlight through the energy transfer upconversion process and fluorescence
resonance energy transfer. Additionally, the composite is endowed with
outstanding light-absorbing qualities and effective photogenerated
electron-hole pair separation thanks to the localized surface plasmon
resonance effect of Ag nanoparticles. This work can motivate further design of

(SDZ) is a classic sulphonamide
antibiotic.?l It is one of the most fre-
quently utilized antibiotics and excellent
antibacterial agent in animal husbandry
medicine.>*] Despite the low levels in the
environment, it may cause drug resistance
in some pathogenic bacteria. Moreover,
due to the misuse, the SDZ concentration
improved gradually. In the report, the
average concentration in Huixian karst
wetland reached a maximum of 48.24
pg'L7! in Guilin, China.’! Hence, it is
imperative to find a cost-effective method
to remove SDZ residue. So far, some
technologies, such as photocatalysis,/®]
Fenton,”]  ozone,®l persulfatel®!] and
biodegradation,[''! have been applied to

novel photocatalysts with upconversion luminescence performance, which
are applied to the removal of sulphonamide antibiotics in the environment.

1. Introduction

Antibiotics are widely used in human and veterinary medicine
for their excellent properties in treating bacterial infections.!!]
Because of broad antibacterial spectrum, sulphonamide antibi-
otics have been synthesized and utilized worldwide. Sulfadiazine
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the removal of organic contaminants. One
of the most efficient and environmentally
favorable of these is photocatalysis. The
creation of effective photocatalysts has
become a popular area of study recently.
Metal-organic framework (MOF) is a new type of porous
coordination polymer made up of organic ligands and metal
nodes that are used in various fields due to their abundant ac-
tive sites, high specific surface area and tunable structure.l'*-14
In the field of photocatalysis, some MOFs are commonly
used semiconductors-like including Materials Institute Lavoisier
(MIL),[5] Universitetet i Oslo (UiO)[** and Zeolitic Imidazo-
late Frameworks (ZIF).['”] Among them, ZIF materials have at-
tracted a lot of attentions not only because they are thermally
and chemically stable,['® but also for the reasons that the lig-
and bridge of ZIF is liable to transfer the charge from the or-
ganic linker to the metal ions at the connecting node.®! With
a suitable bandgap, ZIF-67 displays unique optical absorption
characteristics.[?l Nevertheless, its photocatalytic performance
needs to be enhanced due to the poor separation and transfer ef-
ficiency of photogenerated carriers.?!! To solve the problem, the
composition of noble metal nanoparticles (NMNPs) and MOFs
is an excellent strategy. The addition of NMNPs can improve
photocatalytic performance via the localized surface plasmon
resonance effect (LSPR). Liang et al. synthesized Pd@MIL-
100(Fe) for effective photocatalytic degradation of bisphenol A,
ibuprofen and theophylline.[?”) Khan et al. used Z1F-67/Au-PCN
ternary nanocomposites in the high active decontamination of
bisphenol A (BPA) under simulated visible light irradiation.?]
Notably, the addition of Au tunes the bandgap of the material
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through the surface plasmon resonance (SPR) effect. A fly in the
ointment of NMNPs@MOFs is the relatively low utilization of
sunlight. The solar spectrum, as everybody knows, is composed
of 52% near infrared light (700-2500 nm), 43% visible light (400
700 nm), and 5% UV light (300-400 nm).**! Most of the NM-
NPs@MOFs can response to UV-vis illumination without the
absorption of near-infrared light.

Upconversion nanoparticle (UCNPs), as a unique material,
has Anti-Stokes effect. It can successively absorb two or more
low-energy, long-wavelength excitation light photons (e.g. near-
infrared light) and radiate short-wavelength, high-energy emis-
sion light photons (e.g. visible light, UV light).[?>) UCNPs have
three components: matrix material, activator and sensitizer. In
general, oxides, fluorides, hydroxides, vanadates, and phosphates
are frequently employed as matrix materials. Considering the
phonon energy and structural stability of the material, fluoride
is the best upconversion matrix material that is currently widely
researched and applied.[?®! Rare earth ions are always used as
activator and sensitizer.?””] Yb** has a relatively simple energy
level structure and only one excited state (*Fs,) of 4f energy
level. Compared with other rare earth ions, Yb** absorption
cross-section is larger. So it is a good sensitizer.[?®] Er** is com-
monly used as an activator because of its abundance of long-
lived intermediate state energy levels.??! Prior to now, UCNPs
are frequently employed in fluorescent labeling, imaging and
biomedical.l*] So far, the application of upconversion materi-
als in photocatalysis is still in its early stages. Zhu et al. discov-
ered that NaYF,:Yb,Er@CdS showed 14.8 times enhancement
of photocatalytic hydrogen precipitation in visible-near-infrared
light compared to the pristine cubic CdS.3!! In addition, the
upconversion emission can be enhanced when the UCNPs is
combined with NMNPs. Wang et al. found that appropriately
sized Ag nanoparticles could enhance the luminescence effect of
NaYF,:Yb/Er.*2] Niu et al. discovered that when $-NaYF,:Yb,Tm
was compounded with the precious metal Au. The upconversion
emission intensity located at 291 and 345 nm increased signifi-
cantly under near-infrared light irradiation.[**] Hence, there is a
strong interaction between UCNPs and NMNPs. The synergistic
effect between NMNPs@MOFs and UCNPs via fluorescence res-
onance energy transfer (FRET) enables NMNPs@MOFs to fur-
ther absorb the UV-vis light emitted by UCNPs. Based on the
pre-experiments by our group, it is found that the match between
emitted light of UCNPs and absorbed light of semiconductor is
important for the full utilization of sunlight.

In this work, a simple solvothermal method was used to gen-
erate a novel ZIF-67/Ag NPs/NaYF,:Yb,Er photocatalyst. The
crystal structure, morphology, surface chemical composition and
state, chemical structure and optical properties were character-
ized. The photocatalytic performance of all composites for SDZ
degradation was investigated by using simulated sunlight irra-
diation. The ZIF-67/Ag NPs/NaYF,:Yb,Er composite’s stability
and reusability were confirmed. During SDZ degradation pro-
cess, the active species, photocatalytic mechanism, and degrada-
tion routes were also deeply analyzed. Besides these, the primary
goals of this effort are: 1) To verify that there is a good degree of
match between ZIF-67/Ag absorbed light and NaYF,:Yb,Er emit-
ted light range; 2) To determine the contribution of noble metal
nanoparticles to the separation effect of electron-hole pairs; 3)
To explore the feasibility of improving solar light utilization with
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upconversion materials. Therefore, this work not only shows a
photocatalyst for efficient removal of SDZ, but also provides a
fresh perspective on how sulfonamide antibiotics are degraded
by photocatalysis.

2. Experimental Section

2.1. Chemicals

All chemical reagents are analytically pure without further purifi-
cation. Polyvinyl pyrrolidone (PVP), 2-methylimidazole, benzo-
quinone (BQ), silver nitrate (AgNO;), and sodium fluoride (NaF)
were purchased from Macklin Biochemical Technology Limited
Company (Shanghai, China). Sulfadiazine (SDZ), yttrium chlo-
ride (YCl;) and ytterbium chloride (YbCl,) were obtained from
Aladdin Reagents Limited Company (Shanghai, China). The fol-
lowing chemicals were purchased from Sinopharm Chemical
Reagent Company (Shanghai, China): sodium chloride (NaCl),
sodium hydroxide (NaOH), ethylene glycol, cobalt nitrate hex-
ahydrate (Co(NO;),-6H,0), isopropanol (IPA), erbium chloride
(ErCly), ethylenediaminetetraacetic acid disodium (EDTA-2Na)
and methanol. Purified water from Wahaha Group Company
(Hangzhou, China) was used in the experiments.

2.2. Preparation of Catalyst
2.2.1. Preparation of NaYF ,:Yb,Er

NaYF,:Yb,Er was synthesized by the following steps with some
modifications.® EDTA-2Na (0.7445 g, 2 mmol) was dispersed
into 20 mL of aqueous solution LnCl;, which contained ErCl,
(0.0109 g, 0.04 mmol), YbCl; (0.1550 g, 0.4 mmol) and YCI,
(0.4732 g, 1.56 mmol). The metal-EDTA complex (solution A) was
formed under vigorous stirring. Meanwhile, solution B was cre-
ated by dissolving appropriate amount of NaF (0.504 g, 12 mmol)
in 20 mL of purified water. Then, solution A and solution B were
mixed and agitated magnetically for 30 min. The mixture above
underwent a specified quantity of NaOH addition until the solu-
tion pH reached 5.0 with continuous magnetic stirring for 30 min
at 25 °C. Thereafter, they were put into a 50 mL Teflon-lined steel
autoclave and heated at 180 °C for 10 h. After the reaction, the
NaYF,:Yb,Er material was acquired by centrifugation, washing
and drying. The ratios of the reactants are LnCl;:EDTA-2Na:NaF
= 1:1:6, Y:Yb:Er = 39:10:1.

2.2.2. Preparation of ZIF-67/NaYF ,:Yb,Er

In order to fabricate ZIF-67/NaYF,:YD,Er, 80 mL of methanol
were ultrasonically combined with 100 mg of NaYF,:Yb,Er and
Co(NO;),-6H,0 (0.1164 g, 0.4 mmol)to produce solution C. Ad-
ditionally, 2-methylimidazole (0.2463 g, 3 mmol) were sonicated
to dissolve into 20 mL of methanol solution in order to get solu-
tion D. Solution D was added to solution C and stirring magneti-
cally for 24 h at 60 °C. After the reaction, the ZIF-67/NaYF,:YDb,Er
composite material was obtained by centrifugation, washing and
drying.

For comparison, ZIF-67 nanomaterial has been produced us-
ing the same procedure without the inclusion of NaYF,:Yb,Er.*!
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Figure 1. Schematic diagram of the synthesis of ZIF-67/Ag NPs/NaYF,:Yb,Er.

2.2.3. Preparation of ZIF-67/Ag NPs/NaYF :Yb,Er

ZIF-67/Ag NPs/NaYF,:Yb,Er was prepared using a simple
solvothermal method. First, 0.2 g of ZIF-67@NaYF,:Yb,Er,
0.13875 g of PVP and AgNO;, (0.0425 g, 0.25 mmol) were added
sequentially to 20 mL of ethylene glycol and stirred magneti-
cally for 30 min. Afterward, NaCl (0.002 g, 0.03 mmol) was dis-
persed into the mixture with ultrasonic treatment. The solution
was then put into a 70 mL Teflon-lined steel autoclave and re-
mained at 160 °C for 4 h. After cooling to room temperature,
ZIF-67/Ag NPs/NaYF,:Yb,Er composites were collected through
centrifugation, washing and then dried. The Ag NPs were pre-
pared similarly without the addition of ZIF-67@NaYF,:Yb,Er.
The schematic diagram for the synthesis was shown in
Figure 1 below.

2.3. Photocatalytic Evaluation

The XPA-7 photocatalytic device (Xujiang Electromechanical
Plant, Nanjing, China) with 500 W xenon as simulated sun-
light was utilized during photocatalysis process. In the experi-
ment, 15 mg catalyst was dispersed into 30 mL of SDZ solu-
tion (10 mg L™!). The suspension was magnetically agitated in
the dark for 1 h before illumination to establish adsorption—
desorption equilibrium. When light was available, 1.0 mL of the
solution was sampled at a certain time and filtered through a
0.22 ym membrane. High performance liquid chromatography
(HPLC) was then applied to determine concentration of the tar-
get on a Waters 1525, USA.

2.4. Photoelectrochemical Measurements

The electrochemical impedance spectra (EIS), Mott-Schottky
(M-S) measurements and transient photocurrent response
(TPC) were obtained on an electrochemical workstation (CHI-
660E, Shanghai Chenhua Instruments Co., Ltd.). The measure-
ment procedure makes use of a typical three-electrode system. Pt
wire serves as the counter electrode; Ag-AgCl performs as the ref-
erence electrode; the working electrode is the catalyst deposited
on the F-doped Tin Oxide (FTO) conductive glass.
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2.5. Density Functional Theory Calculations

The Materials Studio 7.0 program, based on first principle and
density function theory (DFT), was used to model and opti-
mize molecular structures. The Cartesian coordinates of the SDZ
structure were obtained after geometric optimization by Forcite
and B3LYP generalized functions, and the optimized coordinates
were continued for quantitative simulation calculations employ-
ing both DMoL3 and CASTEP modules. The potential SDZ
degradation sites and pathways were ascertained mainly based
on the calculation results of Mulliken electron layout number,
the bond order, the HOMO-LUMO orbital, the condensed Fukui
function, the reduced double descriptor and the electrostatic po-
tential, etc.

3. Results and Discussion

3.1. Characterization
3.1.1. Morphology and Microstructure Analysis

Transmission electron microscopy (TEM) and scanning elec-
tron microscopy (SEM) were adopted to examine the morphol-
ogy and size of the produced materials. NaYF,:YDb,Er are uni-
form nanospheres with the size 50-100 nm, which can be ob-
served in Figure 2A. ZIF-67 is truncated rhombic dodecahedron
with the size 500 nm (Figure 2B). The fact that Ag NPs and
NaYF,:Yb,Er are uniformly distributed on the surface of ZIF-
67 in the SEM and TEM images of Figure 2C,D shows that the
composite ZIF-67/Ag NPs/NaYF,:Yb,Er was successfully man-
ufactured. HR-TEM images of ZIF-67/Ag NPs/NaYF,:Yb,Er are
shown in Figure 2E. The lattice spacing of 0.237 and 0.317 nm
corresponds to the (111) crystal plane of Ag NPs and NaYF,, re-
spectively, which further substantiates the successful loading of
Ag NPs on the surface of ZIF-67. The energy-dispersive X-ray
spectroscopy (EDX) in Figure 2F shows that the elements C, N,
O, Co, Ag, Na, Y, F, Yb, and Er coexist in the composite. The
mapping diagram in Figure S1 (Supporting Information) further
demonstrates that the above elements are uniformly dispersed in
the ZIF-67/Ag NPs/NaYF,:Yb,Er composites.
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Figure 2. The SEM images of NaYF,:Yb,Er (A), ZIF-67 (B) and ZIF-67/Ag NPs/NaYF,:Yb,Er (C, with a photo on the top-right); The TEM (D) and HR-TEM
(E) images of ZIF-67/Ag NPs/NaYF,:Yb,Er; The EDS spectrum of ZIF-67/Ag NPs/NaYF,:Yb,Er (F).

3.1.2. XRD Analysis

The crystal structure of the prepared material was examined
using an X-ray diffraction (XRD) pattern in Figure 3A. The
diffraction peaks for NaYF,:Yb,Er observed at 26 = 28.1°, 32.5°,
46.8°, 55.4°, 58.1°, and 68.5° match the standard PDF card
(JCPDS: 77-2042) of the cubic phase for (111), (200), (220),
(311) (222) and (400) crystallographic planes.>*3¢] Tt is demon-
strated that the synthesis of the a-phase NaYF,:YDb,Er was suc-
cessful. The diffraction signals of ZIF-67 at 7.3°, 10.5°, 12.8°,
18.1°, 22.1°, 24.6°, 26.5°, and 29.7° are in agreement with the
previously reported data, indicating good crystallinity.?”*8] The
decrease in peak intensity of ZIF-67 when it is mixed with

A
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Figure 3. XRD patterns (A) and FT-IR spectra (B) of the produced materials.

Small 2024, 20, 2309972

2309972 (4 of 15)

www.small-journal.com

Energy (keV)

NaYF,:Yb,Er may be attributed to the partial breakage of the
Co—N bond and the affect of MOF crystallinity.?**! The Ag
NPs has the characteristic peaks at 38.1°, 44.3°, 64.2°, and
77.3°, which is in accordance with the PDF card (JCPDS: 04—
0783).144243] Obviously, the above signals can be found in
the composite, which proves the synthesis of ternary material
ZIF-67/Ag NPs/NaYF,:Yb,Er.

3.1.3. FT-IR Analysis

FT-IR is effective method to characterize changes in functional
groups of materials, which provides useful information related

B
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Figure 4. The XPS survey spectra of ZIF-67/Ag NPs/NaYF,:Yb,Er (A) and XPS high-resolution scans of Ag 3d (B); Y 3d (C); C 1s (D); N 1s (E) and Co

2p (F).

to molecular vibrational modes. In ZIF-67 contained spectra in
Figure 3B, the vibrational peaks at 600-1600 cm™" are the stretch-
ing and bending vibrations of the imidazole ring in ZIF-67.57) In
the spectrum of NaYF,:Yb,Er, it can be viewed that the character-
istic absorption peaks at 1621 and 1068 cm™! coincident to the
stretching and deformation vibrations of the C—N bond, respec-
tively. And the broad peak at 1408 cm™~! belongs to the vibrational
absorption band of —COOH in EDTA-2Na.3* It is indicated that
NaYF,:Yb,Er was successfully prepared. The characteristic peaks
above can all be found in ZIF-67/Ag NPs/NaYF,:Yb,Er, which
shows that the introduction of Ag NPs did not destroy the struc-
ture and the composite was well prepared.

3.1.4. XPS Analysis

X-ray photoelectron spectroscopy (XPS) was used for analyzing
the surface chemical composition and elemental states of the pre-
pared materials. Figure 4A shows the full scan spectrum, proving
the composite consists of the elements Ag, Na, Y, F, Yb, Er, C, N,
and Co. Figure 4B displays the high resolution XPS spectra of
Ag 3d. The convolution of two binding energy peaks at 368.1 and
373.9 eV corresponds to 3d;;, and 3d;, of Ag’, respectively. Na
1s peak is found at binding energy 1072.1 eV (Figure S2A, Sup-
porting Information). The peaks observed at 159.4 and 161.5 eV
(Figure 4C) belong to Y 3ds, and Y 3d; , of Y**, respectively.[**]
The peak at binding energy of 685.1 eV can be attributed to F
1s (Figure S2B, Supporting Information). The two peaks with
binding energies of 172.6 and 174.7 eV for Er 4d demonstrate
the presence of Er** (Figure S2C, Supporting Information). Sim-
ilarly, the peak with a binding energy of 186.2 eV is attributed to
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the presence of Yb** (Figure S2D, Supporting Information).[*!

The C1s spectrum can be fitted to three peaks at 284.6, 285.4,
286.3, and 288.6 eV, which can be considered as C=C, C—C, C=N,
and O=C—O (Figure 4D).[*’! In Figure 4E, the three binding ener-
gies at 398.6, 399.4, and 440.4 eV represent pyrrole nitrogen, pyri-
dine nitrogen and graphitic nitrogen, respectively. Moreover, the
peaks at 781.1 and 796.6 eV obtained by convolution in Figure 4F
correspond to Co 2p;, and 2p, ,, respectively, while the peaks at
786.3 and 802.3 eV are the accompanying satellite peaks.[*’] Gen-
erally speaking, the energy gap between the Co 2p main peaks
and their corresponding satellite peaks can be used as an impor-
tant criterion to determine the oxidation state of cobalt in XPS
spectra. The binding energy of Co (II) is 6.0 eV and the Co (III)
is usually 9-10 eV.[**#) In Figure 4F, the binding energy are cal-
culated to be 5.2 and 5.7 eV, which indicates the existence of Co

(I1).

3.2. Evaluation of Photocatalytic Activity and Stability
3.2.1. Photocatalytic Degradation of SDZ

Different Catalysts: The photocatalytic activity of ZIF-67/Ag
NPs/NaYF,:Yb,Er catalyst was evaluated via photodegradation of
SDZ under the irradiation of simulated sunlight. Before each
catalysis, SDZ was mixed with the material without illumina-
tion till the adsorption equilibrium was reached (Figure S3,
Supporting Information). The photodegradation performance
of SDZ by various materials is depicted in Figure 5A. When
monomer upconversion material NaYF,:Yb,Er was used, the
SDZ is hardly degraded. The ZIF-67 has the better effect with
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Figure 5. Photocatalytic degradation of SDZ by all materials (A); Pseudo-first-order reaction kinetics of SDZ by different catalysts (B); Influence of
ZIF-67/Ag NPs/NaYF4:Yb,Er dosage (C) and effect of SDZ concentration (D).

the degradation efficiency of 36.9%. In the binary materials, ZIF-
67/Ag NPs has the best effect of 72%, owing to the introduction
of Ag. Particularly, ZIF-67/Ag NPs/NaYF,:YD,Er has the optimal
photocatalytic activity. After 180 min’ illumination, ~95.4% of
SDZ was removed. This may be due to the fact that the ternary
material can efficiently and fully utilize the simulated sunlight. In
which, ZIF-67 and Ag NPs in ternary materials are able to absorb
and utilize the UV and visible light for photocatalysis. The elec-
trons in the upconversion material NaYF,:YD,Er can be excited by
near-infrared light to generate radiation and energy transfer then
to produce visible light, which is reabsorbed by ZIF-67/Ag NPs
and utilized for subsequent photocatalysis. This layered broad-
spectrum absorption mode greatly enhances the photocatalytic
degradation performance of SDZ. In addition, the reaction ki-
netics of SDZ was studied. According to Equations 1-3, the ki-
netics analysis of synthesized materials is shown in Figure 5B.
The correlation coefficient (R?) of ZIF-67/Ag NPs/NaYF,:Yb,Eris
0.9773. It shows that the process was in accordance with pseudo-
first-order kinetics. ZIF-67/Ag NPs/NaYF,:Yb,Er has the largest
reaction rate constant k, 0.01587 min!, which is 6.96 times higher
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than that of ZIF-67. The relative parameters are listed in Table S1
(Supporting Information).

ac,
==t =kC (1
C, = C, exp(—kt) (2)
InC,=—-kt+InC, (3)

where, r is the reaction rate, C, represents the initial concentra-
tion, C, is the concentration at time t, n is reaction order, k is rate
constant.

Moreover, the prepared ZIF-67/Ag NPs/NaYF,:Yb,Er is supe-
rior or comparable with the materials reported before (Table S2,
Supporting Information).[->>]

Catalysts Dosage: One of the important parameters influenc-
ing photocatalytic efficiency is catalyst dosage. Figure 5C shows
that the SDZ degradation effect improves from 85.7% to 95.4%
when the amount of catalyst varied from 5 to 15 mg, for the
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Figure 6. Impact of initial pH on SDZ degradation (A), the morphological distribution of SDZ (B), the zeta potential of ZIF-67/Ag NPs/NaYF,:Yb,Er (C)
and photocatalytic degradation efficiency and TOC removal efficiency of SDZ by the ZIF-67/Ag NPs/NaYF,:Yb,Er (D).

reason of more degradation active sites and free radicals. How-
ever, when the dosage increased from 15 to 20 mg, the SDZ re-
moval decreased slightly. When too much catalyst is added, the
ZIF-67/Ag NPs/NaYF,:YD,Er particles tend to aggregate and re-
duce the light transmittance. Thus restricted the photocatalytic
activity. So 15 mg of catalyst was the ideal dosage.

SDZ Concentration: 'The impact of incipient SDZ concentra-
tion on photodegradation efficiency is depicted in Figure 5D. The
degradation efficiency gradually reduced from 95.4% (10 mg-L™!)
to 26.2% (40 mg-L~!) when the SDZ concentration raised from
10 to 40 mg-L~!. During the reaction, the SDZ with high concen-
tration can produce more intermediates, which competed with
SDZ for active radicals and hampered the effective degradation.
Therefore, 10 mg-L~! solution was selected for the experiment.

Effect of Initial pH:  The solution pH has a significant effect on
the photocatalytic activity of the material. The effect of solution
pH for photocatalytic activity of ZIF-67/Ag NPs/NaYF,:Yb,Er was
investigated. Figure 6A shows that the degradation of SDZ in-
creased from pH 3.0 to 5.0 and decreases from pH 5.0 to 11.0.
The optimal degradation took place in weakly acidic solutions.
When pH 5, the degradation efficiency was 95.4%, and when pH
6, the degradation efficiency was 92.7%. This result was closely
related to the acid dissociation constant (pKa) in Figure 6B and
isoelectric point of SDZ in Figure 6C. From the morphological
distribution, SDZ existed mainly as neutral molecule at pH <6.48
and anion at pH> 6.48.°°! Figure 6C demonstrates the isoelec-
tric point of ZIF-67/Ag NPs/NaYF,:YD,Er at ~5.72. The material
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had a positive surface charge at pH <5.72 and a negative surface
charge at pH> 5.72. At pH 3.0, the solution contained less hy-
droxyl anions, which in turn hinders the production of hydroxyl
radicals, thus reduces the decomposition efficiency of SDZ. At
pH 5.0-6.0, SDZ molecules gradually ionized and became nega-
tively charged, which made the photodegradation reaction easier
by electrostatic attraction with the positively charged catalyst. The
presence of a large number of hydroxyl anions leaded to the gen-
eration of more hydroxyl radicals, which further increased the
degradation efficiency of SDZ. Under alkaline conditions, both
the material and the SDZ surface were negatively charged, and
the electrostatic repulsion prevented the SDZ from approaching
the material surface. Therefore, the photodegradation of SDZ re-
duced under pH 7.0-11.0. So the best degradation efficiency of
SDZ was achieved at pH 5.0.

3.2.2. The Mineralization Efficiency and 3D Excitation-Emission
Matrix Fluorescence Spectra

The mineralization capacity is a crucial characteristic to as-
sess the performance of the photocatalyst. In accordance with
Figure 6D, the degradation efficiency and mineralization

efficiency of ZIF-67/Ag NPs/NaYF,:Yb,Er on SDZ could reach
95.4% and 23.5%, respectively, after 3 h of simulated sunlight
irradiation. It was indicated that SDZ was first converted to inter-
mediate products during the photocatalytic degradation process,
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Figure 7. The 3D-EEMs spectra of SDZ original solution (A), after 60 min of adsorption in the dark (B), after 90 min (C) and 180 min (D) of photodegra-

dation by ZIF-67/Ag NPs/NaYF,:Yb,Er.

but only some of the intermediates were mineralized to H,0 and
Co,.

The characteristic peaks of 3D excitation-emission matrix flu-
orescence spectra (3D-EEMs) are closely related to the structure
and functional groups of organic molecules. Therefore, it is used
to analyze the transformation process of the molecular structure
during the degradation of SDZ. As shown in Figure 7A, the char-
acteristic fluorescence peaks showed strong SDZ signal peaks at
Em/Ex = 350/260 nm.>’] After 60min of adsorption in the dark
(Figure 7B), the intensity of the characteristic peak did not change
significantly compared with Figure 7A, indicating that SDZ is
relatively stable. Under simulated sunlight irradiation, the inten-
sity of SDZ gradually diminished (Figure 7C). The difference of
the fluorescence is very obvious from SDZ molecules to dark ad-
sorption for 60 min, then to light irradiation for 90 min, which
is consistent with the experiment results of SDZ degradation in
Figure 5A. The fluorescence peak at Em/Ex = 350/300 nm is at-
tributed to tryptophan analogues,*®! and the fluorescence peaks
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at Em/Ex =300/230 nm and 310/280 nm are assigned to tyrosine
analogues in Figure 7C,D.[575%60] After the irradiation of 180 min,
SDZ fluorescence peaks almost vanished (Figure 7D). The main
reason may be that the conjugated heterocyclic structure of SDZ
was destroyed and different intermediates were formed during
photocatalytic degradation. Accordingly, 3D-EEMs further con-
firmed that ZIF-67/Ag NPs/NaYF,:Yb,Er can disrupt the molec-
ular structure of SDZ.

3.2.3. Active Species

The possible active species in ZIF-67/Ag NPs/NaYF,:YDb,Er were
further determined by radical trapping experiments. In this work,
three scavengers, EDTA-2Na, IPA and BQ were introduced to the
catalytic system for the consumption ofh*,-OH and -O, ™, respec-
tively. The active species were captured and then quenched dur-
ing the process by corresponding scavengers. If the degradation
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Figure 8. Free radical capture experiment: The effects of different scavengers on SDZ degradation (A); EPR spectra of free radicals using DMPO as spin
trapping agent under simulated visible light: trapping -OH in aqueous solution (B) and -O,~ in methanol solution (C).

efficiency is lower than that without scavengers, it is indicated
that the certain free radical plays a role in the degradation pro-
cess. As depicted in Figure 8A, the degradation efficiency of SDZ
was ~95.4% when no scavengers were added. After the addition
of EDTA-2Na, IPA and BQ, the SDZ removal efficiency decreased
t0 25.3%, 58.9% and 40.7%, respectively. Therefore, the degrada-
tion of SDZ was significantly inhibited. It means that h*, -OH
and -0, are significant active species leading to the degradation
of SDZ in the photocatalytic reaction.

EPR is an electromagnetic spectroscopy method to study mag-
netic substances containing one or more unpaired electrons.
It were performed to further verify the active species gener-
ated by ZIF-67/Ag NPs/NaYF,:Yb,Er. As spin trapping agent,
the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) is a good candi-
date. According to Figure 8B,C, no discernible signal was seen
in the dark because there was no -OH and -O,~ generated. Un-
der light, the DMPO--OH with a 1:2:2:1 quartet peaks could
be found distinctly when water was used as solvent.[®!] Mean-
while, the characteristic signals of DMPO--O,~ were detected
when methanol was used as solvent. The results of this EPR mea-
surement are basically compatible with the free radical capture
experiments.

3.2.4. Reaction Intermediates, Degradation routes, and DFT
Calculation

To deeply analyze the intermediates produced from SDZ and
degradation paths, LC-MS coupling technique was performed
with electrospray interface (ESI) source in positive ion mode. The
peaks of the intermediates can be apparently observed in Figure
S4 (Supporting Information). The structure formulas were deter-
mined by comparing the fragment ions detected in LC-MS with
those reported in previous studies.[°2¢3] The mass-to-charge ra-
tios, chemical structures and retention times of the intermediates
are described in Table S3 (Supporting Information). The other
by-product peaks mainly correspond to some coupled adducts.
The optimized calculation results according to the Cartesian
coordinates of SDZ (Table S4, Supporting Information) are dis-
played in Figure 9A. Based on the frontier molecular orbital the-
ory, HOMO and LUMO can be used to describe the positions
where organic pollutant molecules are more likely to lose or gain
electrons during photodegradation.l®¥ The HOMO and LUMO
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orbitals (Figure 9B) of SDZ were focused on the benzene and
pyrimidine rings, respectively. It is indicated that the pyrimidine
ring is susceptible to nucleophilic attack by -0, /-OH radicals.®]
The Fukin function is defined as the result of the partial differ-
entiation of the electron density (p) at a point (r) in space with
respect to the number of electrons. The definition formula is as
follows:

*F ou 9p(r)

0= G5 = ), = N 0

where, p is the electron density, u is the chemical potential, r is
the positional site vector, N is the number of electrons, and v is
the attraction potential of the nucleus for electrons at a given posi-
tion. N is an integer, so the function is discontinuous. The limit
is sought separately from both sides using the finite difference
approximation, then Equation 4 is converted to:

PN+e(r) — PN(y)

S =lim ——— ®)
PN(r) — PN—e(r)

=t 0= 0

frn =Fn-f )

According to the condensed Fukui function from the Hirshfeld
charge distribution calculation, the atomic numbers, £, f*, and f
are shown in Figure 9C. From Equation 7, f~ and f* together de-
termine the value of the dual descriptor (). Generally speaking,
an atom with negative f? are susceptible to electrophilic attack,
and an atom with positive f are liable to nucleophilic attack. The
electrophilic and nucleophile sites were further identified based
on the abbreviated double descriptors derived from the abbrevi-
ated Fukui function. In the result, C2, C4, C6, 09, C14, and N17
are substantially more negative. The N12, C13, C15, and N16 are
comparatively more positive value.[%¢:7]

In the light of the eight intermediates (Table S3, Supporting
Information) found and prior reports,[®>¢3¢7] Figure 10 depicts
the mechanism of SDZ photodegradation. First, in Path I, N17
of SDZ was susceptible to electrophilic attack, which led to the
breakage of the N—H bond and the yield of sulfadiazine radicals
to form intermediate M1 via a coupling reaction. The S—N bond
of M1 was attacked by -OH to generate P1. Second, in Path II,

© 2024 Wiley-VCH GmbH

850807 SUOWIWOD 3A 8.0 (el (dde au Aq pausenob ae seone VO ‘8sh J0 Sa|nJ 10} A%eiq18uljuO 431 UO (SUORIPUOO-pUe-SWLRI/LICO" A8 | AReIq U1 UO//:SANY) SUORIPUOD pue swie 1 8y} 88S *[5202/T0/T0] uo Ariqitauluo Aejim ‘Aisieaun BuilueN Aq 226606202 11WS/Z00T OT/I0pAW0 A8 | 1M Aleiq 1 Bul|uo//Sdny WOy pepeo|umod ‘9z ‘v20Z ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

Atom

r

rﬂ

i

A) ©

L Y R S

<)
<)
cB3)
C@)
c(s)
c(6)
S(7)
o(8)
0(9)
N(10)
cqr)
N(12)
c(13)
c(14)
c(15)
N(16)
N(17)
H(18)
H(19)
H(20)
H1)
H(22)
H(23)
H(24)
H(25)
H(26)
H(27)

0015 0.011
0.049  0.004
0.017 -0.015
0.053 -0.011
0.016 0.007
0.048  0.006
0.004  0.001
0.055 0.045
0.059 0.018
0.019 0.008
0.009 0.026

-0.014  0.111

0.008 0.129
0.026 -0.015
0.011 0.129
0.024 0.117
0.109  0.02
0.065 0.021
0.055 -0.008
0.056 0.017
0.066  0.029
0.031 0.035
0.025 0.097

0.04  0.09
0.037 0.098
0.058 0.014
0.058 0.017

0.013
0.027
0.001
0.021
0.011
0.027
0.003

0.05
0.038
0.014
0.018
0.048
0.069
0.005

0.07

0.07
0.065
0.043
0.023
0.036
0.047
0.033
0.061
0.065
0.068
0.036
0.037

-0.004
-0.045
-0.032
-0.064
-0.009
-0.042
-0.003
-0.01
-0.041
-0.011
0.017
0.125
0.121
-0.041
0.118
0.093

Figure 9. The optimized structure (A) of SDZ; HOMO and LUMO orbitals (B) and Fukui indexes (C) of SDZ.
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Figure 11. UV—vis—NIR DRS spectra of the synthesized materials (A) and Tauc’s plots of (ahv)? versus hv of the materials (B).

SDZ was attacked by -OH and -O,~, which caused the break of
S—N bond and produced P5 and M2. On the one hand, the amino
groups in P5 and M2 are oxidized to nitro groups to yield the
products P6 and P3, respectively. P3 was hydroxylated and went
through pyrimidine ring-opening to further generate the product
P4. P6 was deaminated and oxidized to the product P7. Another
aspect, M2 was attacked with active substances to create the ox-
idative ring-opening product M3, then to P2 after the electrophilic
addition reaction of C=C double bond. In addition, in Path III,
C13 and C15 are vulnerable to nucleophilic attack according to
#f equal to 0.121 and 0.118, respectively, producing the hydrox-
ylation product M5. The LUMO diagram of SDZ demonstrated
that the pyrimidine ring was easily attacked by the nucleophile,
which led to the breakage of the C-N bond and finally generated
the product P8.

3.2.5. Recyclability and Stability

To test the reusability of ZIF-67/Ag NPs/NaYF,:Yb,Er in photo-
catalytic process and its stability in aqueous environment, ten
photocatalytic degradation experiments were conducted on the
ternary catalyst under simulated sunlight irradiation and the out-
comes are displayed in Figure S5A (Supporting Information).
It is evident that the degradation effect of SDZ decreased from
95.4% to 72.9%, indicating relatively good material stability. In
addition, the XRD patterns and FT-IR spectra of the materials are
displayed in Figure S5B,C (Supporting Information) before and
after the ten cycles. The signals did not change distinctly, which
further indicated that ZIF-67/Ag NPs/NaYF,:Yb,Er has relatively
reliable recyclability and stability.

3.3. Investigation of Degradation Mechanisms
3.3.1. Energy Band Structure
The light absorption properties of the materials were examined

employing UV-vis—NIR diffuse reflectance spectroscopy (UV-
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vis—NIR DRS). As illustrated in Figure 11A, NaYF,:Yb,Er and
their related composites exhibited near-infrared absorption at
975 nm, which is associated with electron transition of Yb3*.1%8]
Materials containing ZIF-67 all exhibited two sets of absorption
bands in the UV-vis light ranges. The signal in the UV region
(250-300 nm) can be explained by ligand-to-metal charge trans-
fer (LMCT).[%] The characteristic peaks in the visible range from
500 to 650 nm can be associated with the “A, (F)—*T, (P) transi-
tion of the Co(II) ion in the cobalt-nitrogen tetrahedron, which is
defined the triple peak of spin coupling. The characteristic peak
at 350-450 nm is assigned to Ag NPs adsorption originated from
the localized surface plasmon resonance (LSPR)."% From the
analysis above, the ternary composite can successfully expand the
spectral response range from the UV and vis to the NIR range,
thereby it enabled the efficient utilization of solar energy during
photocatalytic reactions.

Ordinarily, the energy band structure of photocatalyst deter-
mines the migration process of electron-hole pairs. The Tauc’s
diagram (Figure 11B) can be constructed from the curve of (ahv)?
to hv, with the bandgap (E,) as the intercept between the tangent
line and the x-axis according to Tauc’s formula (Equation 8):

ahv = A(hv — E,)? )

where A is a constant; v is the frequency of light; « is the ab-
sorption coefficient near the absorption edge; h is Planck’s con-
stant; E, is the absorption energy bandgap; and n = 4 corre-
sponds to indirect bandgap semiconductor. The E, of ZIF-67/Ag
NPs/NaYF,:Yb, Er was only 1.935 eV. Compared with other cata-
lysts, the E, of the ternary material was significantly narrower,
which enabled more light to be utilized. In addition, it has-
tened the separation and transfer of photoexcited electron-hole
pairs.[71]

The M-S tests at various frequencies (Figure 12A) were applied
to determine the positions of the conduction band (CB) and va-
lence band (VB). The tangent slope of ZIF-67 is positive at differ-
ent frequencies, demonstrating that it is n-type semiconductor.
The intersection of the three tangents with the x-axis was —0.44
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Figure 12. Mott—Schottky test at multiple frequencies of ZIF-67 (A) and band structure diagram of ZIF-67 (B); TPC curves (C) and EIS Nyquist plots (D)

of various photocatalytic materials.

eV (vs Ag/AgCl), which is flat-band potential (Eg) of the ZIF-67s.
The Equation 9 can be employed to convert E (vs Ag/AgCl) to
Eg, (vs. NHE), which is —0.24 eV (vs NHE).l”?] Generally speak-
ing, the E, of n-type semiconductors is 0.1 eV less than Ep,.l”*]
According to the Equation 10 and the rational energy band struc-
ture diagram in Figure 12B, the E.; is —0.34 eV and E; is 1.62
eV. The VB-XPS of ZIF-67 is shown in Figure S6 (Supporting
Information).

Eq, (vsNHE) = Efb (vsAg/AgCl) + 0.2 9)

Eyp = Ecp + E, (10)

3.3.2. Photogenerated Carrier

The electrochemical analysis including TPC and EIS were con-
ducted to examine the utilization of e™-h* couples. The pho-
tocurrent response spectra of various materials are displayed in
Figure 12C. Apparently, the ternary composite exhibited a steady
and continuous photocurrent response in five cycles. The elec-
tric current is much higher than those of other materials, il-
lustrating that the ZIF-67/Ag NPs/NaYF,:Yb,Er composite has
more efficient carrier separation efficiency and stronger photo-
catalytic activity. The EIS analysis is presented in Figure 12D.
Rct is the resistance to electron transport between the electrode
surface and the material on the electrode surface. In Nyquist
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plot, Ret is calculated by the diameter of the semicircle.”! From

this, Ret = 44.91 Q (NaYF,:Yb,Er); 30.75 Q (ZIF-67); 13.00 Q
(Ag NPs/NaYF,:YD,Er); 7.50 Q (ZIF-67/Ag NPs); 20.25 Q (ZIF-
67/NaYF,:Yb,Er); 2.75 Q (ZIF-67/Ag NPs/NaYF,:YD,Er). It is no-
ticeable that the ternary ZIF-67/Ag NPs/NaYF,:YD,Er catalyst has
the minimum arc radius, which represents the lowest interfa-
cial charge transfer resistance and the quickest electron transfer
rate. (]

3.3.3. Exploration of Mechanism

The upconversion mechanism of NaYF,:YDb,Er nanoparticles can
be visually described by the energy level schematics of Yb**
and Er’*. In Figure 13A, the electron in the ground state °F, ,
of the sensitizer Yb’" are motivated to the excited state *F;,
by near-infrared photons (980 nm). Partial of the excited elec-
tron returns to the ground state of Yb3* by radiation or en-
ergy transfer. The other part of the energy is transferred to
Er’*, which induces the excitation of Er** electrons through
energy transfer upconversion process (ETU). The electrons on
the *I;5,, ground state are excited to ‘I, , state through the
process: ‘L5, (Er**)+2Fs , (Yb**)>*1,, , (Er’**)+F, , (Yb**). Sub-
sequently, the electrons transit to the *I,;, state by non-
radiative relaxation. Accompanying the energy supply from
Yb**, it is transferred to *Fy, states. With *F,, relaxation
to the ground level, red emission centered at 659 nm

© 2024 Wiley-VCH GmbH
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Figure 13. Energy level diagram of Yb* and Er3* energy transfer (A); UV-vis DRS spectra of ZIF-67/Ag NPs and the upconversion fluorescence emission
spectra of NaYF,:Yb,Er (B); Upconversion fluorescence emission spectra under the excitation at 980 nm for different materials (C).

occurs.l’® Similarly, the electrons on the *F,, are further ex-
cited to 2H,,, state by following the energy transfer process:
“Fy ), (Er*)+7Fs ,(Yb**) =?Hy , (Er**)+2F, , (YD*), which is ac-
companied by the appearance of blue light at 410 nm.[”778] The
non-radiation relaxation occupies the *H;;,, and *S;, states,
which can emit green light (527 and 548 nm) when the electrons
are transferred to the ground state *I,,.1””!

The upconversion emission spectra of NaYF,:Yb,Er and the
UV-vis diffuse reflectance spectra of ZIF-67/Ag NPs under the
excitation of 980 nm are exhibited in Figure 13B. It is illustrated
that NaYF,:YD,Er can absorb near-infrared light (NIR) and pro-
duce visible light with the main peaks at 410, 527, 548, and
659 nm, respectively corresponding to blue, green, green, and red
light mentioned in Figure 13A, respectively. ZIF-67/Ag NPs have
good light absorption between 450-680 nm. Therefore, there is
an excellent spectral overlap between the NaYF,:Yb,Er and ZIF-
67/Ag NPs. The light that NaYF,:YDb,Er emits can exactly be ab-
sorbed by ZIF-67/Ag NPs. The unique performance can be used
for photocatalysis effectively.[7880]

The upconversion emission spectra of different materials were
further measured. Four emission peaks of NaYF,:Yb,Er respec-
tively correspond to the *H, , =15, (410 nm), *H,; , =15, (527
nm), *S; ,—*I;5/, (548 nm) and *Fy,—~*1;5,, (659 nm) transition
of Er’*. After the introduction of Ag NPs into the material, the
peaks at410 and 659 nm gradually reduced, showing the blue and
red light emitted by the NaYF,:YDb,Er are absorbed by Ag NPs. Af-
ter the composition with ZIF-67, the peaks at 527 and 548 nm get
weaker, indicating the green light emitted by the NaYF,:YDb,Er are
absorbed by ZIF-67. The spectral changes in Figure 13C reflect
the energy transfer between NaYF,:Yb,Er and other components.
Thereafter, the near-infrared light from the sunlight can be used
in upconversion composite.

The photocatalytic mechanism of  ZIF-67/Ag
NPs/NaYF,:Yb,Er can be elaborated based on the band the-
ory, carrier transmission, upconversion spectrum and active
species. According to spectral analysis, only the UV and visible
light from the simulated sunlight can be absorbed by ZIF-67/Ag
NPs. In the ternary composite, NaYF,:Yb,Er can absorb the
near-infrared light through ETU process and then emit visible
light through anti-Stokes shift luminescence process. Partial
light (green) was then absorbed by ZIF-67, while the other (red

Small 2024, 20, 2309972
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and blue light) absorbed by Ag NPs. Thus, the composite made
full use of the full spectrum of simulated sunlight. Additionally,
an effective FRET process occurred between NaYF,:Yb,Er and
ZIF-67/Ag NPs with NaYF,:Yb,Er as the energy donor and
ZIF-67/Ag NPs as the acceptor. FRET can be understood as the
process of energy transfer from the donor to the acceptor. The
spectral changes in Figure 13C can unambiguously reflect the
energy transfer between NaYF,:Yb,Er and ZIF-67/Ag NPs. In de-
tail, NaYF,:Yb,Er is excited by infrared light (980 nm) and emits
visible light (410, 527, 548, and 659 nm), which is absorbed by
ZIF-67/Ag NPs. Therefore, the energy is successfully transferred
to ZIF-67/Ag NPs. More than that, Ag NPs made the important
effect in light adsorption due to the LSPR function. Based on the
photoelectric properties, the ZIF-67/Ag NPs/NaYF,:Yb,Er has
the optimal carrier separation efficiency and the lowest electron—
hole recombination rate. All the characters above promote the
outstanding photocatalytic performance. Under the irradiation,
ZIF-67/Ag NPs/NaYF,:Yb,Er is excited to produce e~ and ht,
which reacted with O, and H,O and then generated -O,~ and
-OH. The active species h*, -O,~ and -OH gradually decomposed
the SDZ to produce the intermediates and finally produce CO,
and H,O0. The schematic expression of the photodegradation is
exhibited in Figure 14.

4. Conclusion

In brief, novel ternary composite ZIF-67/Ag NPs/NaYF,:Yb,Er
was successfully synthesized by facile solvothermal method and
employed to degrade SDZ under simulated sunlight. The degra-
dation efficiency of SDZ by ZIF-67/Ag NPs/NaYF,:YDb,Er com-
posite reached 95.4% within 180 min. The reaction rate of ZIF-
67/Ag NPs/NaYF,:Yb,Er was 6.96 times more than that of the
pristine ZIF-67, which was attributed to not only the adsorp-
tion of broad spectra of sunlight including NIR and UV-vis
light, but also the high charge separation efficiency of the com-
posite. Furthermore, the ZIF-67/Ag NPs/NaYF,:Yb,Er demon-
strated exceptional structural stability and reusability. The main
active species is -O,~, -‘OH, and h* in the photocatalytic process.
DFT calculation and LC-MS analysis were employed to predict
the intermediates and pathways. Not only does this work offer
promising insights into the upconversion material for enhancing
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photocatalytic degradation, but also gives an innovative way for
the preparation of highly active catalyst in the application of pho-
todegradation.
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