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Bromoargentate/g-CzN,4 heterojunction by in situ
e this: Cositnacomm 200426, ITOWEh: 2-D bromoargentate framework with a
5011 transition metal complex linker and cocatalyst for
enhanced photocatalytic activity via g-C3sN4
hybrid+
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A 2-D bromoargentate hybrid [{Cu(phen)},(u-OH),(AgsBrs)l, (phen = 1,10-phenanthroline) (1) was prepared
by the reaction of Cu(NOs),-3H,O, AgBr, KBr and phen in a Co;HsOH/DMF mixed solvent under solvothermal
conditions. In compound 1, three tetrahedral AgBr4 units are interconnected into a 1-D [AgzBrs],, chain by
edge-sharing. The [AgzBrsl,, chains were linked by tetranuclear [{Cu(phen)},(u-OH),l, complex units via Cu-Br
bonds to form the layered bromoargentate hybrid [{Cu(phen)},(n-OH)x(AgsBrs)l,. The [{Cu(phen)},(n-
OH),(AgsBrs)l, layers were successfully loaded on the surface of g-CzNy4 by in situ growth under the same
solvothermal conditions, and a 1/g-CsN4 heterojunction was formed. The 1/g-CsN4 heterojunction exhibited
a stable and reproducible photocurrent response with a photocurrent density of 23.68 pA cm™2, which is 2.65
and 8.05 times greater than those of parent 1 and g-CsNy, respectively. The degradation conversion of crystal
violet (CV) reached 98.0% on the photocatalyst of 1/g-CsN,4 heterojunction after light irradiation for 60 min.
The 1/g-CsN4 heterojunction exhibited a much higher photocatalytic efficiency than did 1 and g-CsN4 for CV
degradation, which suggested that the synergistic effect between 1 and g-CsN4 in the heterojunction
promoted photocatalytic performance. The investigation of the catalytic mechanism showed that all h*, -OH
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Introduction

The environmental pollution caused by wastewater has attracted
widespread attention due to the increasing amount of organic
pollutants, such as organic dyes, antibiotics, and pesticides
discharged into water, with an increasing population and
industrialization.” Organic pollutants might have a series of
harmful impacts on the environment and human health due to
their chemical toxicity and nonbiodegradability. To meet the
need for clean and safe water, various wastewater treatment
technologies, such as screening, filtration, and centrifugal
separation, are conventionally used.> Currently, there is
increasing interest in using photocatalytic techniques to
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and -O," species are reactive substances in the photodegradation.

eliminate organic pollutants in wastewater. Photocatalytic
degradation is an environmentally friendly and economical
wastewater treatment method, in which sunlight energy is used
to convert organic pollutants into small molecules or nontoxic
substances.” In recent years, organic-inorganic halometallate
hybrid materials, especially iodoargentate hybrids, have been
promising candidate photocatalysts for the degradation of
organic pollutants in wastewater treatment. The polymeric
iodoargentate hybrids (EtPPh;z)Ag;l, (Et = ethyl), (n-PrPPh;)Ag;1,
(n-Pr = n-propyl), (i-PrPPh;3)Agsls (i-Pr = isopropyl), and [(Me),-
2,2-bipy|Agsl;, (Me = methyl, 2,2-bipy = 2,2"-bipyridine)
exhibited photocatalytic efficiencies for the degradation of the
organic dyes rhodamine B (RhB) and methyl orange (MO) in
wastewater under visible light irradiation.*” The TM-complexes
containing iodoargentate hybrids, K,[TM(2,2"-bipy);],Agel;1 (TM
= Fe, Co, Ni, Zn; x = 0.89-1), [Ni(2,2"-bipy);][H-2,2-bipy]Ag;Is,
[TM(phen);],Agy1115-H,O (phen = 1,10-phenanthroline) (TM =
Co, Cu), and [TM(phen);L,Agizl;; (TM = Co, Cd) were
photocatalytically active in the degradation of crystal violet (CV)
and RhB.*” The degradation conversions of CV reached 56-92%
after 60 min of visible light irradiation, while the degradation
conversions of RhB were in the range of 29-80% after 180 min
of light irradiation. The photocatalytic activities of halometallate
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hybrids are affected by various factors, such as the composition,
structure, optical bandgap, and electron-accepting ability of
counter cations.”® The compositions and structures of
halometallate hybrid materials are influenced by various factors
during preparation, such as the features and charge
distributions of counter cations, ligands to the metal centers,
and guest solvent molecules.” A large number of iodoargentate
hybrids with different compositions and structures have been
prepared using organic cations, transition metal (TM), and
lanthanide (Ln) metal complex cations as counter cations or
structural directing agents.'®> However, the photocatalytic
activity and stability of the iodoargentate hybrid materials need
to be enhanced for the purpose of application.

Since the 2-D polymeric semiconductor g-C;N, (graphitic
carbon nitride) was wused as a metal-free conjugated
photocatalyst for H, evolution in 2006,"3 ¢-C3N, has been
considered a next-generation semiconductor photocatalyst due
to its unique triazine ring structure, tunable band gap (normal
band gap of ~2.7 eV), high physicochemical stability, excellent
photoelectrochemical properties, and low cost."* G-C3N, can be
easily prepared by the thermal polycondensation of several
inexpensive precursors, such as cyanamide, dicyandiamide,
melamine, urea, thiourea, and ammonium thiocyanate.“c’15 As
a 2-D polymeric semiconductor, g-C3N, can construct various
cocatalysts with well-matched energy levels of other
semiconductors to form heterostructures. Many g-C;N,-based
composites with different components and compositions have
been prepared by loading metals,'® metal oxides,"” or metal
sulfides'® on the surface of g-C;N, layers. In recent years, the
synthesis of g-C;N,-based semiconductor cocatalysts by loading
metal organic frameworks (MOFs) has attracted increasing
interest.'” Yue prepared a Ni-MOF-based nanocomposite of
UNiIMOF/g-C;N,, which exhibited enhanced photocatalytic H,
production under visible light irradiation.”® Lu and Zolfigol
constructed Ti-MOF/g-C3N,, and Zr-MOF/g-C;N, heterojunctions
for the photocatalysis of the coupling of primary amines and
the Gomberg-Bachmann-Hey reaction.”’ Very recently, we
prepared a g-C3N,/[Pb(18-crown-6)(PbAg,ls)], (18-crown-6 =
1,4,7,10,13,16-hexaoxacyclooctadecane) heterocomposite by
doping the layered heterometallic Pb-iodoargentate hybrid
[Pb(18-crown-6)(PbAg;I)], with g-C;N,.>> The heterocomposite
exhibited synergistically enhanced photocatalytic activity for MB
degradation. In this work, we designed and synthesized a
layered bromoargentate [{Cu(phen)},(u-OH),(AgsBrs)], (1), and
prepared the first g-C;N,/bromoargentate heterojunction of 1/g-
C;3N, by loading the [{Cu(phen)},(u-OH),(Ag;Brs5)], layer on the
surface of g-C3N, via an in situ growth method. The
photoelectric and photocatalytic properties of the 1/g-C3N,4
heterojunction were investigated.

Results and discussion
Syntheses

Crystals of 1 suitable for X-ray single-crystal structure
measurements were obtained by the reaction of Cu(NO3),-3H,0,
AgBr, KBr and phen in a C,H;OH/DMF mixed solvent under
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solvothermal conditions. The same reaction in the sole C,H;OH
solvent failed to produce compound 1, indicating that DMF
played an important role in the crystallization of compound 1.
In the FT-IR spectra of 1, the absorption bands at 2800-2900
em™' are attributed to C-H vibrations. The bands at
approximately 1580-1520 cm ' are due to the stretching
vibrations of the C=N bond (Fig. S1t). The wide bands at 3578
(m) and 3447 (s) in 1 are attributed to the vibrations of the O-H
bonds involved in hydrogen bonding. The PXRD patterns of as-
prepared 1 are consistent with the simulated XRD patterns
based on the single-crystal XRD data (Fig. 1), indicating that the
bulk phase of as-prepared compound 1 was pure. The 1/g-C3N,
heterojunction was prepared in situ by synthesis of 1 in the
presence of g-C3N, powder. In the FT-IR spectrum of the 1/g-
C;N, heterojunction, the absorption peaks at 805, 1233, 1314,
1395, and 1626 cm™' are attributed to the typical stretching
mode for the CN-heterocyclic system of g-C;N,,"**** while the
main absorption bands of 1 are almost unchanged (Fig. S17). A
broad peak at 27.3° appeared in the PXRD pattern of the 1/g-
C;N, heterojunction, which was indexed as the characteristic
peak of g-C3N,,'****** while the peak positions of 1 were
unchanged (Fig. 1). SEM images of the as-prepared g-C;N, and
1/g-C;N, heterojunction are shown in Fig. 2. The g-C;N, has an
irregular laminar structure with frilled and wrinkled sheets on
its surface (Fig. 2a). The 1/g-C3N, heterojunction micrographs
exhibited distribution and deposition of 1 rod-like microcrystals
on the surface of the g-C;N, nanosheets (Fig. 2b and c). EDS
analysis revealed the presence of C, N, O, Br, Cu and Ag in the
obtained 1/g-C;N,; heterojunction (Fig. 2d), confirming the
coexistence of 1 and g-C;N,. The results of FT-IR, PXRD, SEM
and EDS measurements confirmed that the 1/g-C3N,
heterojunction was successfully prepared by in situ growth
under solvothermal conditions.

Crystal structure of 1

Compound 1 crystallizes in the triclinic space group P1 with
two formular units in the unit cell (Table S1t). Its asymmetric
unit is composed of three Ag, five Br and two Cu atoms, two
phen molecules, and two OH groups (Fig. 3a). All the Ag atoms
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Fig. 1 Simulated XRD pattern of 1, and experimental powder XRD
patterns of as-prepared 1, g-C3N4, and 1/g-C3N4 heterojunction.
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Fig. 2 SEM images of g-CsN, (a) and 1/g-C3sN4 (b and c), and EDS
spectrum of 1/g-C3N, (d).

are coordinated by four Br atoms to form the primary building
unit (PBU) AgBr,. Three AgBr, PBUs are interlinked by edge-
sharing to form the secondary building unit (SBU) Ag;Br; with
a semi-cubic core Ag;Br,, in which three Ag atoms are capped
by a ps-Br triple ligand (Fig. 3b). The Ag;Br, SBUs are
connected into a one-dimensional [Ag;Brs], chain (Fig. 3c). In
the [Ag;Brs], chain, Ag---Ag metal-metal interaction is observed
between Ag(3) and Ag(3#1) with a Ag---Ag separation of
3.0726(15) A (Table S2f), which was consistent with those
found in reported bromoargentate hybrids.>***® All AgBr, PBUs
had distorted tetrahedral geometries with Br-Ag-Br angles in
the range of 94.51(3)-134.96(5)° (Table S2t). The Ag-Br bond
lengths vary from 2.5827(11) A to 2.8415(13) A, and are
consistent with those of the 1-D chains [Ag,Br;]," > [Age
Bryi]."", [Agi3Bry;],""".%* The Cu®*'(1) and Cu®*(2) ions are
joined by two p-OH bridging ligands and each Cu®" ion is
coordinated by a bidentate phen to form a [{Cu(phen)},(u-
OH),] unit (Fig. 3a). Two [{Cu(phen)},(u-OH),] units are coupled
by sharing the O2 atom to yield a tetranuclear [{Cu(phen)},(p-
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(

Fig. 3 Structural diagrams of 1. asymmetric unit [{Cu(phen)},(u-
OH),(AgsBrs)] of 1 with the labelling scheme (a), the trinuclear
secondary building unit AgzBr; (b), the [AgsBrsl, chain (c), and the
tetragonal pyramid of Cu(1)O,N,Br (d) and Cu(2)O3N; (e).
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OH),], complex unit (Fig. 4). The Cu(1) atom is further
coordinated by a Br atom from the [Ag;Brs], chains (Fig. 3a). As
a result, acting as bridging linkers, the [{Cu(phen)},(u-OH),],
complex units connect the [Ag;Brs], chains into a
[{Cu(phen)},(1-OH),(AgsBrs)], layer via Cu(1)-Br(1) (Fig. 5).
Both the Cu®**(1) and Cu*'(2) ions have distorted tetragonal
pyramid geometries with the O,N,Br and O;N, donor sets,
respectively (Fig. 3d and e). The axial angles of the tetragonal
pyramids are 161.3(2)° and 172.7(3)° for Cu(1)O,N,Br, and
164.9(3)° and 177.0(3)° for Cu(2)O;N, (Table S21). The Cu-Br,
Cu-N, and Cu-O bond lengths are 2.9264(13) A, 1.996(7)-
2.024(6) A and 1.919(5)-2.381(5) A, respectively (Table S21),
which are consistent with the corresponding bond lengths
reported in the literature.>® The [{Cu(phen)},(u-OH),(Ag;Brs)],
layers are perpendicular to the a axis of the unit cell. The
planes of all the phen molecules are parallel, and the
interplanar separations between the centroids of the phen
molecules are in the range of 3.471-3.560 A, indicating weak
intermolecular =w---m stacking interactions between the
[{Cu(phen)},(u-OH),(AgsBrs5)], layers (Fig. S2t). The interplane
separations are in the range of those of reported metal
complexes with phen ligands.*® The phen ligands further
interact with the [AgsBrs], chains in neighboring
[{Cu(phen)},(u-OH),(AgsBrs)],  layers  through  C-H:-Br
hydrogen bonds (Fig. S31). The C---Br distances are in the
range of 3.461-3.847 A (Table S37), which are consistent with
those reported in organic bromoargentate hybrids.”*® The
[{Cu(phen)},(1-OH),(AgsBrs)], layers are connected into a 3-D
framework via the n---m and C-H---Br interactions.

Several bromoargentate hybrids that contain transition
metal complex cations with phen or 2,2-bipy organic ligands
have been prepared and structurally characterized.®**** In
these hybrids, the coordination sites of TM>" ions are
saturated by three phen or 2,2-bipy ligands, and the
bromoargentate aggregates cannot coordinate to the TM>"
ions. Examples include K[TM(2,2"-bipy);],Ag¢Bri;; (TM = Fe,
Co, Ni, Zn), [TM(2,2"-bipy);],Ag:13Br17,%* [TM(phen);],Ag:s-
Br;;-2DMSO-3H,0 (TM = Fe, Co, Ni), [Cu(phen),(Br)]AgBr,,
and [Fe(phen);]Ag,Bry;-DMF.*** In compound 1, the Cu(1)*
ion forms a 4-coordinated center in the [{Cu(phen)},(u-OH),],
complex units, thus, the [Ag;Brs]>” anion can bind to the
Cu(1)*" center via the Br(1) atom to satisfy the coordination
number 5 for the Cu®>" ion. Compound 1 represents the first
example of a bromoargentate hybrid with a bromoargentate
anion coordinating to the TM center via a TM-Br bond.

Fig. 4 Structure of the tetranuclear complex unit [{Cu(phen)},(u-
OH),l; in 1. Hydrogen atoms are omitted for clarity.
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(b)

Fig. 5 Structural diagrams of 1: the [{Cu(phen)},(u-OH),(AgsBrs)l,
layer in 1 viewed along the a axis (a), and the u-[{Cu(phen)},(u-OH),l>
linkers between the [AgzBrsl, chains (b). The carbon and hydrogen
atoms in (a) are omitted for clarity. Yellow tetrahedra: AgBr,. Cyan
tetragonal pyramids: CuO,N,Br and CuOzN..

Optical bandgaps and photocurrent responses

Solid state UV-vis-NIR reflectance spectra of the g-C3Ny, 1, and 1/
2-C3N, heterojunction were measured using powder samples
(Fig. S471). The absorption spectra, which were converted from the
reflectance data by the Kubelka-Munk function AR) = (1 - R)*/
2R,*® are shown in Fig. 6a. As shown in Fig. 6a, g-C5N,, 1, and 1/
2-C3N, exhibited well-defined abrupt absorption edges from
which the band gap (E,) can be estimated at 2.72 eV, 2.48 eV, and
2.58 eV, respectively. The band gap of the 1/g-C;N, heterojunction
is greater than that of compound 1, and lower than that of g-
C;N,. When g-C;N, was loaded, the absorption band gap of the
1/g-C3N, heterojunction underwent a blueshift compared to that
of pure 1. The band gap of 1/g-C;N, is smaller than that of
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Fig. 6 (a) UV-vis-NIR absorption spectra of g-CzN4, 1 and 1/g-C3Nj,.
(b) Photocurrent densities of 1, g-C3N4, and the 1/g-CsNg4
heterojunction under Xe light illumination at a power of 150 W.
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bromoargentate hybrids containing organic cations, such as [H,-
DABCO][Ag,Br,(DABCO)] (E, = 3.44 eV),*" and [H;(DABCO),]Ag;-
Brs (DABCO = 1,4-diazabicyclo[2.2.2]octane) (E, = 4.20 eV).*?
However, these values are greater than those for the TM-complex
containing ~ bromoargentate  hybrids = [TM(phen);],Ag;5-
Br;;2DMSO-3H,O (phen = 1,10-phenanthroline) [E, = 2.18 eV
(Fe), 2.15 eV (Co), 2.24 eV (Ni)], [Fe(phen);]Ag,Br,-DMF (E, = 2.19
eV),”>* [TM(phen);]PbAg,Br, [E, = 1.99 €V (Fe), 2.74 eV (Ni),*
[NH, ][Fe(2,2"-bipy); ,[AgeBri1] (Eg = 1.90 €V),*® and iodoargentate
hybrids [TM(2,2"-bipy)s]Ags]; [E, =1.94 €V(Co), 2.10 €V(Ni), 2.58 eV
(zn),** and KJTM(2,2"bipy);L,Ageli; (x = 0.89-1) [E, = 2.01
eV(Mn), 1.66 eV(Fe), 1.75 eV(Co), 1.85 eV(Ni), 2.08 eV(Zn)].®

The 1/g-C;N, heterojunction was photosensitive to visible
light, and exhibited rapid photocurrent response under visible
light illumination at room temperature. As shown in Fig. 6b,
the photocurrent density of the 1/g-C3N; heterojunction
increased dramatically once the light was turned on, and
immediately decreased to approximately zero when the light
was turned off. After illumination by Xe light at a power of 150
W, the photocurrent density of the 1/g-C;N, heterojunction was
24.58 pA cm” in the first on/off switch, and stabilized at 23.68
HA cm™” after nine on/off switch cycles, indicating that the 1/g-
C;N, heterojunction had a good reproducible photocurrent
response. The 1/g-C3N, heterojunction exhibited much stronger
photocurrent response than the pure compound 1 and g-C;Nj,.
The pure compound 1 and g-C3N, had steady photocurrent
densities of 8.92 pA cm™> and 2.94 pA cm™?, respectively, under
the same visible light illumination. The current density of 1/g-
C;3N, is 2.65 and 8.05 times higher than those of pure 1 and g-
C;3N,, respectively. The enhanced photocurrent response
suggested more effective separation of photogenerated carriers
in the 1/g-C3N, heterojunction when it was illuminated by
visible light. The doping of 2-D semiconducting material of g-
C;N,; can promote the charge separation, and inhibit the
recombination of photoexcited electrons and holes, therefore
the photocurrent intensity is enhanced.'*** The stability of the
photocurrent response of the 1/g-C;N, heterojunction was
investigated by repeated measurements. As shown in Fig. S5,f
the current intensities of the heterojunction were 26.08 and
24.92 pA ecm™ in the first and second cycling measurements,
respectively. The current intensity decreased slightly during the
third cycle, and stabilized at 23.68 pA cm™> after three cycles,
indicating the excellent photocurrent reproducibility and
durability of the 1/g-C;N, heterojunction.

Photocatalytic properties

In the past twenty years, the discharge of harmful organic
pollutants from industries has led to increasing water pollution.
Photocatalysis is an environmentally friendly and economical
sewage treatment method, that uses photogenerated electrons
and holes on the surface of the catalyst to oxidize organic
pollutants into nontoxic small molecules.*® The photocatalytic
behaviors of compound 1 and 1/g-C3N, heterojunction were
evaluated by the model reaction of crystal violet (CV)
photodegradation in aqueous solution under visible light

This journal is © The Royal Society of Chemistry 2024
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irradiation. The change in the CV concentration was monitored
by the intensity of the absorption maximum at a wavelength of
583 nm (Fig. S6T). The degradation efficiency was expressed as
C/C,y, where C, and C, are the initial and instantaneous
concentrations of the dye, respectively. After the mixture of CV
and the catalyst was stirred in the dark for 30 min, the adsorption
between the catalyst and dye reached equilibrium, and
approximately 10.6%, 6.0% and 7.6% of the dye was adsorbed on
the g-C;N,, 1 and 1/g-C3N, heterojunction, respectively (Fig. S77).
The blank experiment showed that approximately 7.7% of CV
was degraded in the absence of catalyst after light irradiation for
60 min. The degradation conversions of CV over g-C;N, and 1
were 33.0% and 54.1%, respectively, after light irradiation for 60
min. The 1/g-C;N, heterojunction exhibited much more
photocatalytic activity than g-C;N, and compound 1. In the
presence of 1/g-C;N, heterojunction, the CV solution became
almost colorless after 60 min of illumination, and the
degradation conversion of CV reached 98.0% (Fig. 7a). The 1/g-
C;3N, heterojunction exhibited the highest degradation efficiency,
which was in accordance with it having the strongest
photocurrent response. The high photocurrent density implied
efficient separation of photogenerated carriers,”” and therefore,
the photocatalytic activity was improved. As shown in Fig. 7b, the
plot of Ln(Cy/C,) against the irradiation time ¢ fits the formula
Ln(Cy/Cy) = kt, indicating that the photodegradation reactions
catalyzed by g-C3N,, compound 1 and 1/g-C3N, heterojunction
conform to first-order kinetics. The kinetic rate constants k of the
degradation reactions are 0.0774, 0.0118, and 0.0519 min™" for g-
C;Ny, 1 and 1/g-C3Ny, respectively. The 1/g-C;N, heterojunction
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Fig. 7 (a) Photocatalytic activities in CV degradation over g-CsNy, 1,
and 1/g-C3Ny4 heterojunction. (b) Linear relationship of Ln(Co/C;) versus
reaction time t over g-C3Ny4, 1, and 1/g-C3N4 heterojunction during
the photodegradation of CV.
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had the highest rate constant, which was 6.7 and 4.4 times
greater than that of pure g-C;N, and compound 1, indicating the
synergistic effect between 1 and g-C;N, towards visible-light-
driven photocatalytic performance in the degradation of CV. The
1/g-C3N, exhibited distinctly higher photocatalytic activity for CV
degradation in comparison with the TM(u)}-complex containing
haloargentate hybrids [TM(phen);],Ag;3Br;,-2DMSO-3H,0 (TM =
Fe, Co, Ni), [Cu(phen),(Br)JAgBr,,>** [Ni(2,2"-bipy)s;][H-2,2-bipy]
Ag:1e,° [Zn(2,2"-bipy);]Agsls,? [Mn(2,2-bipy),(DMF),]Agsl;, and
[{Zn(DMF),(H,0),}(4,4"-bipy); 5]AgsI,-2DMFE.*®  The degradation
ratios of CV on these haloargentate hybrid catalysts were in the
range of 38-71% after light irradiation for 60 min. The 1/g-C3N,
heterojunction also showed higher ocatalytic activity than did the
MOF/g-C;N, composites of NH,-MIL-88B(Fe)/g-C3N, (NH,-MIL =
2-aminoterephthalic acid), and Ce-BTC/g-C3N, (H;BTC = 1,3,5-
benzenetricarboxylic acid) in degradation of organic dyes.*
Approximately 58% and 73% of MB dye were degraded on the
two MOF/g-C;N, composites, respectively, after light irradiation
for 60 min.

After the photocatalytic reaction, the catalyst samples of
compound 1 and the 1/g-C;N, heterojunction were collected
by centrifugation for powder X-ray diffraction measurements.
The PXRD patterns of the catalysts were basically the same as
those of the as-prepared sample, with the position of the
diffraction peaks unchanged (Fig. S81), indicating that the
catalyst samples had good structural stability during
photodegradation. The photocatalytic stability and durability
of the photocatalyst are important aspects of its practical
application. The catalytic stability of the 1/g-C3N,
heterojunction was investigated by repeated experiments. As
shown in Fig. 8a, the 1/g-C;N, heterojunction exhibited
relatively steady photocatalytic activities in five consecutive
cycles. The photocatalytic ratio remains at 93% after five
catalytic cycles in the degradation of CV.

Possible photodegradation mechanism

It is generally believed that photoinduced superoxide (-O, ) and
hydroxyl radicals (-OH), and positive holes (h") are active
substances for the photocatalytic degradation of organic
pollutants in aqueous solution. Benzoquinone (BQ),
tert-butanol (TBA), and ammonium oxalate (AO) which are
quenchers of -0,  and -OH radicals, and h" holes, respectively,
were added to the photocatalytic reaction to explore the reactive
species during the photodegradation of CV catalyzed by the 1/g-
C;N, heterojunction. As shown in Fig. 8b and S9,f all the
degradation ratios of CV over the 1/g-C;N, heterojunction
decreased when BQ, AO and TBA were added to the catalytic
reaction. The degradation ratios decreased from 98.0% without
quenchers to 29.2%, 25.1%, and 46.9% in the presence of BQ,
AO and TBA, respectively, after light irradiation for 60 min
(Fig. 8b), indicating that all h', -O,", and -OH radicals are the
reactive species during the degradation on the 1/g-C3N,
heterojunction.

The oxidation ability of photogenerated holes of
photocatalysts can be determined by the energy of the

CrystEngComm, 2024, 26, 3911-3919 | 3915
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Fig. 8 (a) Degradation ratio of CV over the 1/g-C3N4 heterojunction
in cycling tests. (b) Degradation ratios of CV over 1/g-C3N4
heterojunction in the presence of the BQ, AO and TBA quenchers.

valence band.*® The potentials of the valence band (Eys) and
conduction band (Ecg) of g-C3N, are 1.50 eV and -1.22 eV,
respectively.*' The VB XPS spectrum showed that the valence
band edge of 1 is located at 1.03 eV (Fig. S10t), and therefore
the conduction band edge of 1 is located at -1.45 eV. The 1/g-
C;N, hybrid is a typical type II heterojunction based on the
potentials of the valence and conduction bands of g-C;N,
and 1 (Fig. 9)."*>"> When the 1/g-C;N, heterojunction is
irradiated by visible light, photogenerated electrons are
generated in the conduction band (CB) and positive holes
(h") remain in the valence band (VB) (eqn (1)).** The
photogenerated electrons on the CB of 1 can jump to the less
negative CB of g-C3N,, while the h" holes in the VB of g-C3N,
move to the VB of 1 in the 1/g-C;N, heterojunction (eqn (2),
(3) and Fig. 9). The doping of g-C;N, on 1 can effectively
promote the charge separation, and minimize the
recombination of the electron-hole pairs. The holes on the
VB of 1 could react with water to produce extremely reactive
hydroxyl radicals (OH) as shown in eqn (4), or directly
participate in the oxidization of the organic dye, whereas the
electrons on the CB of g-C;N, could combine with oxygen to
form the superoxide radical -O,” according to eqn (5).** The
formation of a type II heterojunction by doping g-C;N, leads
to the migration of charge carriers in the opposite
direction."*“** This significantly enhances the electron-hole
spatial separation on various parts of the heterojunction to
prevent the charge recombination, and to prolong the
lifetime of free electrons and holes, which is helpful for the
generation of reactive species h', -OH and -0, on the surface
of the heterojunction. The synergistic effect of the three h',
-0, , and -OH reactive species accounts for the much higher
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Fig. 9 Schematic diagram illustrating the photocatalytic mechanism
for CV degradation over the 1/g-C3N4 heterojunction under visible
light irradiation.

degradation rate of the 1/g-C;N, heterojunction than that of
pure 1 and g-C;N, during the photodegradation of CV.

semiconduction + Av — hyg' + ecp” (1)
hyg' (2-C3Ny) +1 — hyg' (1) + g-C3N, (2)
ecp (1) +g-CsNy — ecp” (g-CsNy) +1 (3)

H,0 + hyg' (1) — 'OH + H' (4)
O, tecp (gC3N,) — 'O, (5)

Conclusions

In summary, a 2-D bromoargentate hybrid [{Cu(phen)},(u-
OH),(Ag;Brs)], (1) was prepared in a C,Hs;OH/DMF mixed
solvent under solvothermal conditions. The [{Cu(phen)},(p-
OH),(Ag;Brs)], layers were successfully loaded on the surface
of g-C3;N, heterojunction by in situ growth under the same
solvothermal conditions, and 1/g-C;N, heterojunction was
obtained. The 1/g-C;N, heterojunction performed a stable
and reproducible photocurrent response. Its photocurrent
density is 2.65 and 8.05 times higher than those of parent 1
and g-C3N,, respectively, indicating that the formation of
heterojunction is helpful for the separation of
photogenerated carriers, therefore, the photocurrent intensity
is enhanced. The improved photocatalytic efficiency of the 1/
2-C3N, heterojunction compared to that of parent 1 and g-
C;N, demonstrated the excellent synergistic effect of the 1/g-
C;N, heterojunction cocatalyst on CV degradation. This result
showed that new efficient visible-light photocatalysts can be
obtained by the rational design and construction of g-C;N,-
based heterogeneous heterojunctions with the aim of
promising applications in the area of solar energy conversion
and environmental remediation.

Experimental section
Materials and methods

The g-C;N, sample was prepared by thermal polymerization
using urea as the precursor according to a previously reported
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method.” 1.5 g of urea was ground evenly placed in a ceramic
crucible, heated to 550 °C at a heating rate of 5 °C min™" in a
muffle furnace and kept at 550 °C for 4 h. A faint yellow product
of g-C;N, was obtained after cooling to room temperature. All
other chemicals (Cu(NO;),-3H,0, AgBr, KBr, phen, tert-butyl
alcohol (TBA), 1,4-benzoquinone (BQ), ammonium oxalate (AO),
crystal violet (CV), C,H;0H, and DMF) were purchased from
McLean Chemical Reagents Co., Ltd. (Shanghai, China). All of
the chemicals used in the experiments were of analytical grade
and used without any further purification. Physical and
chemical measurements and characterizations, including
elemental analysis, FT-IR, powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM), X-ray energy dispersive
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
solid-state UV-vis reflectance spectroscopy, photocurrent
response measurements, and photocatalytic tests, are provided
in the ESL}

Syntheses

Synthesis of [{Cu(phen)},(p-OH),(Ag;Brs5)],, (1). Cu(NOs),-3H,-
O (242 mg, 1.0 mmol), AgBr (282 mg, 1.5 mmol), KBr (298 mg,
2.5 mmol) and phen (270 mg, 1.5 mmol) were mixed in 4 ml of
C,HsOH and 2 ml of DMF under stirring. After being
ultrasonically dispersed for 10 min, the mixture was transferred
to a polytetrafluoroethylene (PTFE)-lined stainless steel
autoclave with a volume of 15 mL. The sealed autoclave was
heated at 110 °C for 5 days, and then naturally cooled to room
temperature. The blue block crystals were collected by filtration,
washed with ethanol, and stored under vacuum (yield: 448 mg,
72% based on AgBr). Anal. caled. for C,,H;3N,0,Cu,Ag;Brs (1):
C, 23.16; H, 1.46; N, 4.50. Found: C, 22.91; H, 1.39; N, 4.39%. IR
(KBr, ecm™): 3578 (br, m), 3447 (m), 3068 (m), 2949 (m), 2881
(m), 1608 (m), 1576 (m), 1523 (w), 1439 (s), 1376 (s), 1291 (m),
1173 (w), 1088 (w), 978 (W), 909 (W), 828 (W), 759 (s), 647 (m).

Synthesis of the 1/g-C;N, heterojunction. g-C;N, (46 mg),
Cu(NO3),-3H,0 (121 mg, 0.50 mmol), AgBr (141 mg, 0.75
mmol), KBr (149 mg, 1.25 mmol) and phen (135 mg, 1.25
mmol) were mixed in 2 ml of C,H;0H and 1 ml of DMF
under stirring. After being ultrasonically dispersed for 30
min, the mixture was transferred to a PTFE-lined stainless
steel autoclave with a volume of 15 mL. The sealed autoclave
was heated at 110 °C for 3 days. After cooling to room
temperature, powder product was washed with ethanol and
1/g-C3N, heterojunction was obtained. IR (KBr, cm™'): 3433
(br, m), 3070 (m), 2920 (w), 2881 (w), 1626 (m), 1574 (m),
1525 (s), 1457 (m), 1435 (m),1395 (s), 1314 (s), 1233 (s), 1202
(s), 1086 (m), 1000 (W), 889 (w), 805 (m), 759 (s), 647 (m).

X-ray crystal structure determination

The data of compound 1 were collected on a Bruker CCD
diffractometer using graphite-monochromated Mo-Ka
radiation with an w-scan method to a maximum 26 value of
50.70°. An empirical absorption correction was conducted for
all the crystals by using the multi-scan method. The structure
was solved by SHELXS-14.*°* and refinement was performed

This journal is © The Royal Society of Chemistry 2024
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against F* using SHELXL-14."°” All the nonhydrogen atoms
were refined anisotropically. The hydrogen atoms were
positioned with an idealized geometry and refined using the
riding model. The technical details of the data acquisition
and selected refinement results are summarized in Table S1.f
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