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Construction of Ag/AgCI@MIL-53(Fe): Achieving Efficient Photocatalytic Water
Oxidation via the Plasma-Phase Silver and Heterojunction Synergistic Effect

The development of highly efficient water oxidation catalysts is a bottleneck in achieving artificial photosyn-
thesis, as water oxidation is a complex process involving multiple electron and proton transfers. To further
improve the photocatalytic water oxidation performance of MIL-53(Fe), a series of Ag/AgCI@MIL-53(Fe)
samples with different Fe:Ag ratios were synthesized by hydrothermal methods and used in the photocatalytic
water oxidation reactions. XRD characterization showed the successful preparation of Ag/AgCI@MIL-53(Fe)
heterostructure catalysts. The reaction results showed that sample AAM-2 (Fe:Ag=5:1) had the best photo-
catalytic water oxidation performance, with the highest TOF value of 0.14 mmol/(g-s) and quantum efficien-
cy of 39.0 % under the conditions of catalyst mass of 1 mg and pH=9.0 for boric acid-borax buffer solution.
Measurements of photocurrent indicated that the AAM-2 samples doped with Ag/AgCl had higher photocur-
rent densities, thus improving the photocatalytic performance. This provides new insights for constructing
highly efficient porous MOFs catalysts.

Keywords: Metal organic framework (MOFs); hydrothermal method; MIL-53(Fe); Ag/AgCI@MIL 53(Fe);
surface plasma resonance; heterojunction; photocatalysis of water oxidation; photocurrent densities.

Introduction

Photocatalytic water splitting, as an advanced technology, has a very broad application prospect in the
field of energy. Its core value is that it can efficiently convert sunlight into chemical energy, thus realizing
the direct decomposition of water and producing clean hydrogen and oxygen [1]. This catalytic process can
not only reduce the dependence on fossil fuels and reduce environmental pollution, but also has far-reaching
significance in promoting the sustainable development of energy. It consists of two half-reactions: the oxida-
tion of water to O and the reduction of hydrogen ions to H,. Compared with the reduction of water with two
electrons transferred, the oxidation of water is more difficult to occur because it involves the transfer of four
electrons and the formation of an O-O bond [2]. Therefore, the water oxidation reaction process is more
complex and challenging than the water reduction reaction.

Previous studies have explored metal oxides, metal sulfides, and other materials as photocatalysts for
water oxidation [3-4]. However, the application of Metal-Organic Frameworks (MOFs) in this respect is less
common, mainly because most MOFs cannot withstand the harsh conditions of water oxidation. Lin et al.
reported the three UiO-67 catalysts doped with Ir, which showed high water oxidation activity [5]. However,
due to the extreme conditions of water oxidation, the MOFs catalysts were unstable, which led to the partial
decomposition of Ir complexes. Moreover, the Ir based composites are neither economical. It is worthwhile
to explore the development of stable, cost-effective MOFs as photocatalysts for water oxidation. Iron is a
resource-rich element, and many MOFs materials containing iron MOFs, such as MIL-53(Fe) and MIL-88
(Fe), have specific structures and uniform sizes. In previous studies, the iron oxygen clusters Fe-O within
iron-based MOFs could be excited under visible light, leading to their visible light response characteris-
tics [6]. Therefore, many iron-based MOFs have been used in photocatalytic reactions. Kholdeeva et al. in-
vestigated the capability of iron-based metal-organic frameworks MIL-100 and MIL-101 for carbon-
hydrogen oxide formations [7]. Wang et al. have synthesized both MIL-100(Fe) and MIL-68(Fe), and found
that they can achieve selective hydroxylation of benzene to phenol with high selectivity [8].
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Introducing another metal ion to prepare bimetallic MOFs is one of the modification methods to im-
prove the performance of single-metal MOFs [9]. Due to the significant amplified absorbance of the surface
plasma resonance (SPR) of noble metal nanoparticles in the visible light region, it is possible to modify the
photocatalyst [10]. Particularly, Ag/AgX (X = ClI, Br), a type of composite plasma photocatalyst, can gener-
ate highly active photo-excited carriers under visible light irradiation to achieve the rapid degradation of var-
ious organic pollutants [11-12]. Additionally, Ag/AgX maodification has significantly enhanced the photo-
catalytic reaction activity of traditional semiconductor photocatalysts such as TiO,, BiVOs, Bi:WO, and
CsN,4 [14]. Since the silver nanoparticles exhibit a plasma resonance effect that can introduce a new light ab-
sorption source and possesses an energy-matched band structure, it can improve the efficiency of carrier sep-
aration.

However, whether the additive Ag/AgX can enhance the photocatalytic performance of MOFs and
whether the role of Ag/AgCl in photocatalytic reactions based on MOFs systems is similar to that previously
reported in inorganic semiconductor systems is still an open question. Therefore, the study of the photocata-
Iytic process of Ag/AgX@MOFs is of great significance. Previous studies have shown that MIL-53(Fe) can
improve its photocatalytic water oxidation performance by doping metal ions. In this article, the effective
combination of the plasma Ag/AgCl with MIL-53(Fe) has improved the photocatalytic water oxidation per-
formance of MIL-53(Fe) through the heterojunction mechanism. This structure is conducive to the synergis-
tic transfer of photogenerated electrons and holes in the catalyst. The research results on photocatalytic water
oxidation by Ag/AgCI@MIL-53(Fe) will provide new ideas for the design and development of high-
efficiency MOFs-based photocatalysts.

Experimental

Preparation of Ag/AgCI@MIL-53(Fe) Catalysts

Different samples with varying Fe/Ag molar ratios were prepared using a hydrothermal method. A mix-
ture of 10 mmol of 1,4-H,BDC (AR), an appropriate amount of FeCls-6H.O (AR) and AgNOs (AR), and
50 mL of DMF (SP) solution was prepared, and the mixture was stirred at room temperature for 30 min. The
obtained precipitates were then transferred into a sealed 100 mL autoclave, and the system was heated at
150 °C for 12 h. After the reaction, the autoclave was allowed to cool to room temperature naturally, and the
obtained precipitates were washed with DMF three times, followed by water washing three times, and further
dried under vacuum at 80 °C for 12 h to obtain the final Ag/AgCI@MIL-53(Fe) photocatalyst. The molar
ratio of Fe to Ag was varied, while maintaining the total molar ratio of metal ions to ligand as 1:1. Based on
the molar ratio compositions, the resulting samples were labeled as AAM-0 (Fe:Ag = 1:0), AAM-1
(Fe:Ag =7:1), AAM-2 (Fe:Ag = 5:1), and AAM-3 (Fe:Ag = 2:1).

Catalyst Characterization

X-ray diffraction patterns (XRD) were determined on a Bruker AXS D8 Focus diffractometer (operated
at 40 kV and 30 mA) using Cu Ka irradiation.

N2-BET was performed using a ST-08B physical-sorption instrument at 77 K.

Fourier transform infrared (FT-IR) spectra were recorded on an Equinox55 spectrometer (Bruker, Ger-
many) by means of the KBr pellet technique.

Scanning electron microscope (SEM) images of the typical samples were recorded on a SU8010 model
supplied by Hitachi Ltd. of Japan. Before conducting the SEM test, a layer of Au was sprayed onto the sur-
face of the sample to enhance its conductivity. When performing mapping tests, the solid sample was dis-
persed in anhydrous ethanol and ultrasonically dispersed before being evenly dripped onto a silicon wafer on
an optical surface for testing.

Synthesis of the Photosensitiser [Ru(bpy)s](ClO4)2

Studies have shown that in a photocatalytic water oxidation system using [Ru(bpy)s]** as the photo-
sensitizer, [Ru(bpy)s](ClO4), is more conducive to the photocatalytic water oxidation reaction than
[Ru(bpy)s]Cl.. Therefore, configuring the original photosensitiser [Ru(bpy)s]Cl. into [Ru(bpy)s](ClO.), is
beneficial for enhancing the photocatalytic oxygen production performance of the catalyst. The specific steps
are as follows: Dissolve 400 mg of [Ru(bpy)s]Cl. in a small amount of distilled water to ensure complete
dissolution, transfer to a 50 mL opague reaction flask, and then add 4 M HCIO, acid solution dropwise under
magnetic stirring until no more white precipitate is formed. The solution is filtered and washed three times
with ether to remove H* ions and water from the precipitate, which is then dried in the dark at room tempera-
ture for 12 h. And storing the obtained final product [Ru(bpy)s](ClO4). orange powder in the dark at low
temperature.
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Evaluation of Photocatalytic Oxygen Production Performance

In the non-homogeneous system for photocatalytic water oxidation experiments, the synthesized sam-
ples were used as photocatalysts for water oxidation (0-2 mg), with [Ru(bpy)s:](ClO4) serving as the photo-
sensitiser (1.0 mM, 8.76 mg), and Na>S:Og as the electron sacrificial agent (40 mM, 95.2 mg). The reactions
were carried out in a borax-borate buffer solution (80 mM, pH = 8.0-10.0). The specific steps were as fol-
lows: first, a certain amount of catalyst, photosensitiser, and electron sacrificial agent were weighed in the
dark, and then added separately to the reactor, followed by the addition of a 10 mL of buffer solution using a
pipette gun. The sampling bottle was sealed and subjected to gas displacement treatment. The photocatalytic
reaction was carried out using PLS-SXE xenon lamp (300 W) produced by Porfilet as the light source. Be-
fore beginning the use of the xenon lamp (with a 420 nm filter), use a power meter to set the light power
density of the xenon lamp to 100 mW/cm? (simulating the solar irradiance). Place the sampling bottle that
has been air-exhausted under the adjusted xenon lamp, and perform magnetic stirring simultaneously. Every
two minutes, a gas sampling needle with a capacity of 250 uL is used to withdraw 100 uL of the gas from the
sampling bottle and inject it into the GC-2014C gas chromatography produced by Shimadzu, Japan. To de-
tect the oxygen content generated within the bottle, O, (99.99 %) is used as the standard sample for quantifi-
cation, and the oxygen production is calculated based on the peak area of oxygen measured each time. In this
experiment, sampling continues until 10 minutes, until the peak area of oxygen no longer increases. Addi-
tionally, use a pH meter to measure the pH value of the solution after the complete reaction.

Photoelectrochemical Performance Test

The preparation steps for the electrode are as follows: Take 8 mg of the catalyst, disperse it in approxi-
mately 1 mL of ethanol, add 40 pL of Nafion solution, and sonicate to form a paste. The paste is then spin-
coated uniformly on a 1 cm % 1 cm FTO conductive glass sheet, and dried in a vacuum at 110 °C for 12 h to
prepare the working electrode. After that, platinum wire is used as the counter electrode, and Sure enough
electrode is used as the reference electrode, with 80 mM Na.S,Os solution as the electrolyte. Photocurrent
measurements are performed using a 300W xenon lamp as the light source. The current response changes of
different samples under illumination/non-illumination conditions are achieved through intermittent illumina-
tion over a fixed time.

Results and Discussion

X-ray diffraction (XRD) was used to analyze the phase composition of the Ag/AgCI@ MIL-
53(Fe)(AAM) sample. As shown in Figure 1, the characteristic peaks of the pure phase AAM-0 appeared at
9.4°,12.7°, 17.6°, and 25.4°, which matched the XRD patterns of the simulated crystal of MIL-53(Fe) re-
ported previously. The XRD spectrum of the AAM-2 sample, which had been doped with Ag/AgCl, was
mainly dominated by the characteristic peaks of MIL-53(Fe). In addition, the diffraction peaks corresponding
to the cubic phase AgCl (111), (200), and (220) faces were observed, located at 27.8°, 32.3°, and 46.3°, re-
spectively. A weak peak was also observed at 38.2° in the XRD spectrum of AAM-2, corresponding to the
(111) plane of the cubic phase metallic Ag [14]. This indicates that the Ag/AgCl heterojunction structure was
successfully introduced. It is noteworthy that the position of the characteristic diffraction peaks of MIL-
53(Fe) in the AAM-2 spectrum did not change significantly, indicating that doping with Ag/AgCI would not
destroy the crystal structure of MIL-53(Fe).
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Figure 1. XRD patterns of AAM-0 and AAM-2
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The BET-BJH method was used to analyze the specific surface area, pore volume, and pore diameter of
the AAM-0 and AAM-2 catalysts, with the results listed in Table. The synthesized AAM-0 and AAM-2
samples had specific surface areas of 52 and 28 m?/g, respectively. After doping with Ag/AgCl, the specific
surface area decreased, suggesting that Ag/AgCIl may block the pores of the MIL-53(Fe). The adsorption iso-
therms are shown in Figure 2, where both the AAM-0 and AAM-2 catalysts exhibit IV-type isotherms and
H3-type hysteresis loops. Additionally, with an average particle size of 3.0 nm for AAM-0 and 3.3 nm for
AAM-2. According to the IUPAC classification of pores, it is evident that they predominantly consist of
mesopores, which are generated by the agglomeration of particles. The average pore diameter of the AAM-2
sample with Ag/AgCl doping is smaller than that of the AAM-0 sample.

Table

Textural properties of the catalysts

Sample Specific surface area | Average pore volume Average pore size
(m?/g) ® (cm? g )P (nm) ¢

AAM-0 52 0.09 3.0

AAM-2 28 0.06 3.3

aCalculated by the BET method. ® BJH desorption pore volume. ¢ BJH desorption average pore diameter.
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Figure 2. Adsorption curves of AAM-0 and AAM-2

The nanocrystalline structure of AAM was further determined by scanning electron microscopy (SEM).
Figure 3 shows the SEM morphologies of the AAM-0 and AAM-2 catalysts, where the pure phase AAM-0
appears to have a tetragonal structure, indicating the successful synthesis of MIL-53(Fe), which is consistent
with the XRD results. Additionally, it was observed that the AAM-2 samples doped with Ag/AgCl still
maintained a framework structure. However, in comparison to the tetragonal structure of AAM-0, there is a
noticeable change in the microscopic structure, with the framework structure appearing less clear and dis-
tinct.

Figure 3. SEM images of (a) AAM-0 (b) AAM-2
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Furthermore, the molecular structure of the AAM-0 and AAM-2 catalysts was investigated using infra-
red spectroscopy (Fig. 4). It was found that the infrared spectra of the AAM-2 sample were very similar to
those of the AAM-0 sample. The characteristic absorption peaks at 1536 and 1392 cm* were attributed to the
asymmetric stretching vibration of the carboxyl group (vss (C-O)) and the symmetric stretching vibration
(vs (C-Q)) [15], respectively, indicating the presence of dicarboxylate linkers in the framework. The charac-
teristic absorption bands of the benzene ring were observed at 1629 cm™ (C=C) and 756 cm™ (C-H) [16].
Additionally, the band at 542 cm™ in the low-frequency region also confirmed the typical Fe-O stretching
vibration found in the framework [17].
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Figure 4. FT-IR spectra of as-prepared AAM-0 and AAM-2 samples
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Figure 5. UV-vis diffuse reflectance spectra of AAM-0, AAM-1, AAM-2 and AAM-3 samples

The spectral absorption capability of the catalysts for visible light has been investigated through the de-
termination of the ultraviolet-visible diffuse reflection spectra (URS) of the samples. As shown in Figure 5,
the absorption onset for Fe-MIL 53 is approximately 517 nm. As the amount of Ag/AgCl doping increases,
the absorbance in the visible light region (>400 nm) is enhanced compared to Fe-MIL 53, with the maximum
absorption intensity achieved when the Fe:Ag ratio is 5:1 (AAM-2). An increase in the absorbance in the
visible light region implies a higher utilization efficiency of solar energy. Therefore, incorporating Ag/AgCl
into Fe-MIL 53 particles can enhance its photocatalytic water oxidation performance.

To compare the influence of the loading of Ag/AgCI on photocatalytic activity, we performed tests on
the oxygen production activity of AAM-0, AAM-1, AAM-2 and AAM-3 catalysts under the same conditions
of water photolysis. First, a control experiment was conducted under conditions without light or catalyst, and
no O, was detected, indicating that the O, came from the photo-oxidation of water. The curves of oxygen
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production versus time for the four photocatalysts, AAM-0, AAM-1, AAM-2, and AAM-3, under visible
light are shown in Figure 6. All four samples exhibited photocatalytic activity for water oxidation, with the
AAM-0 catalyst producing 20.16 pmol of oxygen in 10 min. The oxygen production of the AAM photocata-
lysts was improved, with AAM-2 (Fe:Ag = 5:1) producing 45.86 pmol of oxygen in 10 min, which is 2.27
times that of MIL-53(Fe). This result indicates that under the same preparation conditions, the loading of
Ag/AgCI effectively improves the photocatalytic activity of MIL-53(Fe).
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Figure 6. Kinetics of oxygen generation of the photocatalytic system
with different loads of Ag/ AgClI based MIL-53(Fe)
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Figure 7. Kinetics of O, evolution of the photocatalytic system using AAM-1(Fe:Ag=5:1).
(a) using different amount of AAM-2, (b) initial turnover frequencies of AMM-1 using different amount,
(c) at different pH, (d) initial turnover frequencies at different pH

To further screen the conditions of the photocatalytic water oxidation system, the selected AAM-2
(Fe:Ag=5:1) was tested for its photocatalytic water oxidation performance under different conditions. From
Figure 7, we can see that under the condition without light or catalyst, there is only a very small amount of
oxygen in the system, and no oxygen generation is observed. The experimental results show that the AAM-2
(Fe:Ag=5:1) catalyst plays a major role in the photocatalytic water oxygenation reaction. At a pH of 9.0,
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with the increase in the amount of catalyst, the oxygen production also increases, reaching a maximum value
of 50.12 umol when the catalyst reaches 3 mg. However, when the amount of catalyst increases to 5 mg, the
oxygen production decreases. This indicates that adding more catalyst does not necessarily mean better per-
formance, as excessive catalyst can adsorb on the surface of the photosensitizer, hindering direct contact be-
tween the photosensitizer and light, and also affecting the catalytic activity of the catalyst. At 1 mg of cata-
lyst, the TOF value is 0.14 mmol/(g's), with the highest oxygen production efficiency, and 1 mg is selected
as the optimal amount of catalyst. When further increasing the amount of catalyst, the photocatalytic activity
may actually decrease. This could be due to the excessive addition of the catalyst, which may reduce the
transparency of the system, inhibit the contact between the photosensitizer and light, and thus lower the cata-
Iytic efficiency. After the reaction, the solution color changed from orange-yellow to dark-brown. The pH of
the solution was measured, and it was found to have decreased from 9 to 8.5. The rate-controlling step of the
photo-catalytic oxygen production reaction is given by formula (1). The accumulation of H* leads to a con-
tinuous decrease in pH, indicating that [Ru(bpy)s]** is not consumed in time. This will cause the reaction so-
lution to change color and terminate the reaction.
A[Ru(bpy)s]** + 2H,0 — 4[Ru(bpy)s]** + O, + 4H* Q)

To further screen the optimal conditions, the effects of different pH values of boric acid buffer solutions
on the photocatalytic water oxidation performance of AAM-2 catalyst were explored, as shown in Fig-
ure 7(c). In alkaline conditions, there is a significant difference in the amount of oxygen released under dif-
ferent pH values. At pH = 8.0, the oxygen production is 19.8 umol, and at pH = 10.0, the oxygen production
is 32.42 umol. Generally, high pH solutions are favorable for water oxidation because they can remove H*
generated during the catalytic process [18], as shown in equation (1). This may be due to the structural de-
composition of AAM-2 MOFs in strong alkaline solutions. This also indicates that the optimal pH for AAM-
2 photocatalytic water oxidation is 9.0.

The initial quantum efficiency of the AAM-2 sample under the optimal reaction conditions was also
calculated as follows:

The oxygen production amount in the initial 1 min was: 14.4 umol

The number of consumed photons =14.4 X 10°X6.02X 102X 4

=3.46 X 10,

The optical power measured by the power meter: P=100 mW/cm?, the diameter of the reaction bottle is
2 cm, The height of the liquid level in the bottle is 3.5 cm.

The light energy per minute: E = PXtXDXh

=100X10°X60X2X3.51]
=42).

-34 8
The energy of a single photon: Epn = hv = he = 6.34x10 7 x3x10

A 420x10°°
=4.73x107" J.
. ) . E 42 1
The total number of photons provided by the light per minute: = — = ————- =8.88x10
E, 473x10 '

Initial quantum efficiency:
The number of photons consumed in the production of oxygen

The total number of photons provided by the light per second
_ 3.46x10"

8.88x10"
=39.0 %.

A cyclic experiment using the catalyst to examine the stability of the catalyst in the photocatalytic water
oxidation process (Fig. 8). The AAM-2 catalyst synthesized by the water heat method (Fe:Ag = 5:1) was re-
cycled for testing the catalytic performance of the water oxidation reaction. The recycled catalyst still
showed good catalytic activity, but the amount of oxygen produced in the cyclic reaction showed a slight
decrease. The possible reason for this result is that the catalyst will be physically lost during the recovery
process, which will affect the cycle reaction.

Doy initial) =

%100 %
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Figure 8. Cyclic behavior of AAM-2 (Fe:Ag=5:1) photocatalystic water oxidation

To further understand the electrochemical performance of the catalyst, the photocurrents of the AAM-0
and AAM-2 samples were measured, as shown in Figure 9. It can be observed that the photocurrent density
of AAM-2 is significantly higher than that of the pure phase AAM-0. This increase in photocurrent density is
related to the effective separation of photogenerated electron-hole pairs, indicating that the catalyst doped
with Ag/AgCI can enhance its photocurrent density, suggesting a higher efficiency of separation of photo-
generated electron-hole pairs and thus improved photoelectrochemical performance.
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Figure 9. Transient photocurrent response of AAM-0, and AAM-2

Based on the results and discussion above, a hypothesis of the photocatalytic reaction pathway in the
Ag/AgCI@MIL-53(Fe) system was proposed (Fig. 10). The conduction band (CB) and valence band (VB)
energies of MIL-53(Fe) were 0.50 eV and 2.09 eV, respectively, with bandgap energy of 2.59 eV, capable of
being excited under visible light. Since the VB value of MIL-53(Fe) is higher than that of the water oxida-
tion-reduction potential, MIL-53(Fe) is able to catalyze the water oxidation reaction under visible light irra-
diation [18]. For Ag/AgClI, due to its larger bandgap of 3.26 eV, AgClI cannot be excited by visible light. Up-
on irradiation with visible light, the Ag plasmon is excited, transferring the plasmon-induced electrons into
the CB of AgCl. The positive charge in the Ag region can recombine with the photogenerated electrons in
MIL-53(Fe), effectively promoting the separation of charge carriers in MIL-53(Fe). The oxidation of H,O on
MIL-53(Fe) by photogenerated electrons and holes migrate cooperatively in the Ag/AgCI@MIL-53(Fe) sys-
tem, ensuring the longevity of the charge carriers and enhancing the photocatalytic activity. Importantly,
MIL-53(Fe) as a typical metal-organic framework possesses a large surface area and high porosity. This
structural feature endows Ag/AgCI@MIL-53(Fe) with open channels for effective diffusion and regulation
of reactants, which is conducive to the photocatalytic reaction.
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Figure 10. Proposed photocatalytic water oxidation reaction pathway
of Ag/AgCI@MIL-53(Fe) under visible light irradiation

Conclusions

Hydrothermal synthesis of Ag/AgCl doped in MIL-53(Fe) for the study of photocatalytic water oxida-
tion. The photocatalytic water oxidation performance was optimized by adjusting the Fe:Ag ratio. XRD re-
sults showed the successful preparation of the Ag/AgCI@MIL-53(Fe) heterostructure catalyst. According to
the measured photocatalytic water oxidation performance, when the Fe:Ag ratio was 5:1, the photocarrier
separation efficiency of sample AAM-2 was the highest, and its corresponding photocatalytic oxygen pro-
duction performance was also the best among a series of Ag/AgCI@MIL-53(Fe) samples, which showed a
clear advantage compared to the oxygen production performance of the pure phase MIL-53(Fe). Moreover, it
exhibited good stability. Photocurrent test results indicated that under strong oxidative conditions, the AAM-
2 catalyst had structural stability and could maintain a stable internal photoresponse current. The calculated
results obtained a quantum efficiency of 39.0 % for AAM-2, with a TOF value of 0.14 mmol/(g-s). This has
certain scientific guidance significance for enhancing the MOFs-based catalysts in photocatalytic water oxi-
dation reactions.
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