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Introduction

Bilateral photocatalytic mechanism of dye
degradation by a designed ferrocene-
functionalized cluster under natural sunlighty

Kuan-Guan Liu,}*? Farzaneh Rouhani,1° Xue-Mei Gao,}® Mahsa Abbasi-Azad,”
Jing-Zhe Li,? Xiu-De Hu,® Wei Wang,? Mao-Lin Hu*® and Ali Morsali & *®

Extensive composition engineering research has been conducted on bandgap tunability, but the combina-
tion of two mechanisms for better photon harvesting over a wide range has rarely happened; this is of
great importance for improving photocatalytic efficiency with sunlight. In order to enable concurrent
heterogenic Fenton and Fenton-like reactions for dye degradation, two novel ferrocene-functionalized
clusters, [(PPhs)zsCuO,CFcCO,Cu(PPhs)s]-3CH3OH (D;) and [(PPhs),AgO,CFcCO,Ag(PPh3),l,-7CHZOH (Dy)
were designed, synthesized and characterized by multiple techniques. These chemically and thermally sta-
ble coinage clusters exhibit high photocatalytic activity towards the degradation of methylene blue as a
model dye in the presence of H,O, under direct sunlight irradiation. The degradation performance of com-
plex D; is about twice that of complex D,. The catalytic performance of D; (15000 mg gt in less than 20
min) is superior to those of other reported complexes, which can be attributed to the high level of gener-
ated hydroxyl radicals which are the most active species for dye degradation in the combination of Fenton
and Fenton-like mechanisms. In addition to the degradation carried out with the aid of the Fe(in) of ferro-
cene, based on the Fenton mechanism, the photogenerated holes trapped by Cu() act as catalysts in the
Fenton-like mechanism to produce an excess of hydroxyl radicals, adding to those formed via scavenging
of photogenerated electrons by hydrogen peroxide. Furthermore, the performance of D; in the presence
of H,O, as a dual photocatalyst under natural sunlight irradiation needs no pH adjustment which is a
unique characteristic. This bilateral compound offers a promising strategy for the design of new
photocatalysts.

plicity of design and operation to improve efficiency and eco-
nomic utility; they also need to work with cheap resources.”

Dye-containing wastewater is increasing rapidly with indus-
trial development, being discharged mainly from the textile,
paper and print industries."”* The stability of dye molecule
structures makes them inert to destructive agents such as
light, heat and oxidizing species. This means that treatment
and dye decolorization have become enormous challenges.®™®
Despite the use of various methods for wastewater treatment,
new effective technologies are still required which offer sim-
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Photocatalysis offers the possibility of employing sustainable
and abundant solar energy to promote treatment in mild con-
ditions, and so has attracted much attention for wastewater
treatment.”*™"® Semi-conductors for the Fenton mechanism
that produce ‘OH from the reaction between ferrous salts and
H,0, have been used effectively for decolorizing soluble and
insoluble dyes.'”'® However, in a traditional Fenton reaction,
only a small proportion of the H,0, is transformed into an ef-
fective oxidant to convert the recalcitrant contaminants,'®>*
which has led to increasing H,O, utilization and recycling of
used Fe*", Typical disadvantages of the homogeneous Fenton
process include its high utilization of chemical agents, its
limited usable pH range, the negative effects of some complex
agents like phosphate anions, and the significant amounts of
produced sludge.***® Ferrocene (Fc) as an organic transition
metal compound, which is non-toxic, insoluble and highly
stable in water due to the electron donor-acceptor conjugated
structure, has been widely used in many fields especially as a
heterogeneous Fenton catalyst. However, limited studies have
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been conducted on the applications of such a conjugated
structure in heterogeneous Fenton-like processes.**>” Most of
the previous studies have focused on the use of heteroge-
neous Fenton systems for wastewater treatment by immobili-
zation of Fc on silica, mesoporous materials, carbon nano-
tubes, MCM-48, and some other platforms.’®**>' On the
other hand, the Cu ion is known as a reactant with H,O, for
the Fenton-like reaction, resulting in high production rates of
OH radicals in a wide pH range and leading to a high rate of
dye degradation, but limited studies have focused on the
heterogeneous copper cluster as a photocatalyst.>** In this
work, for the first time, we designed and synthesized two sim-
ilar Fe-functionalized coinage clusters (Ag and Cu) as bilateral
photocatalysts utilizing Fenton and Fenton-like mechanisms
for the degradation of a model dye, methylene blue (MB). UV-
vis analysis demonstrated that these structures have a
bandgap of about 2 eV and suitable conduction band (CB)
and valence band (VB) positions for the degradation of the
model dye in sunlight. The results showed that the degrada-
tion of the model dye with the compound containing Fc and
copper is much faster and more effective than the structure
containing silver. As far as we know, D; which uses the com-
bination of Fenton and Fenton-like mechanisms is the fastest
and the most effective photocatalyst reported for MB degrada-
tion. Furthermore, this catalyst works in sunlight and does
not require any pH adjustment.

Experimental
Synthesis of [(PPh;);Cu0,CFcCO,Cu(PPh;);]-3CH;0H (D)

Cu,O (0.0429 g, 0.3 mmol) was dissolved in a mixture of 0.5
mL of NH;-H,O and 6 mL of methanol with ultrasonic irradi-
ation. The obtained colorless solution became a pea-green
turbid solution after the addition of 0.3 mmol (0.082 g) of
Fc(COOH),. Then an equal amount of triphenylphosphine
(0.078 g, 0.3 mmol) was added to the obtained solution. The
sandy-brown suspension was sealed and heated to 70 °C for
20 hours. It was then filtered after cooling to room tempera-
ture. Slow evaporation of the solution produced the product
as brown-yellow crystals. Yield: ca. 93.3 mg, 46.5%.

Synthesis of [(PPh;),Ag0,CFcCO,Ag(PPh;),],-7CH;0H (D,)

Ag,0 (0.0695 g, 0.3 mmol) was dissolved in a mixture of 0.5
mL of NH;-H,O and 6 mL of methanol with ultrasonic irradi-
ation. The obtained colorless solution became brown after
the addition of 0.3 mmol (0.082 g) of F¢(COOH),. Then an
equal amount of triphenylphosphine (0.078 g, 0.3 mmol) was
added to the solution. The sandy-brown suspension was
sealed and heated to 70 °C for 20 hours. Slow evaporation of
the filtered solution produced the product as orange crystals.
Yield: ca. 65.8 mg, 53.7%.

General procedure for dye degradation

150 ml of an aqueous solution containing 1000 ppm of MB
was prepared as a dye model, and 10 mg of photocatalyst and
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100 uL of fresh H,0, were added to the mixture. The mixture
was exposed to sunlight and 3 mL aliquots were collected ev-
ery 5 min for UV-visible analysis. After complete discoloration
of the mixture, the photocatalyst was centrifuged, washed
with water and dried at 80 °C for reusability tests.

Results and discussion

Characterization and crystal structure of
[(PPh;);Cu0,CFcCO,Cu(PPh;);]-3CH;0H (D)

Under ultrasonication, Cu,O was dissolved in a mixture of
NH;-H,0 and methanol which resulted in the formation of a
colorless solution. Equimolar amounts of Fc(COOH), and
triphenylphosphine were added to the solution. The sandy-
brown suspension was heated to 70 °C for 20 hours after
sealing. Subsequent slow evaporation of the solution pro-
vided brown-yellow crystals of D; with an average yield. D, is
air and water stable, which are important factors for a water
purification  catalyst. The molecular structure of
[(PPh;);Cu0,CFeCO,Cu(PPh;);]-3CH;0H  (D;) is shown in
Fig. 1. The D, structure crystallizes as a trinuclear cluster in
the orthorhombic space group (Pbca). The central Fc dicar-
boxylic acid is connected to two Cu(i) centers through the oxy-
gen of the carboxylic functional groups, and the Cu-:-O con-
tacts range from 2.072 to 2.081 A. Each copper atom is
connected to three PPh; groups, and the Cu-P bond dis-
tances vary from 2.339 to 2.365 A. The Tolman's cone angles
in the PPh; moiety are in the range of 42.91 to 49.84 degrees
and the torsion angles of the cyclopentadienyl rings vary
from 100.67 to 103.93 degrees. Hydrogen bonding between
hydrogens of the CH;OH solvent and the free oxygen of the
Fc dicarboxylic acid moiety lead to the presence of three
methanol molecules in the structure. Altogether, the single-
crystal X-ray structure analysis shows that the ferrocenyl
group is placed at the core of the binuclear copper structure.
Structural refinement and the crystallographic data with se-
lected bond lengths and angles for the D, structure are pro-
vided in Tables S1 and S2,} respectively.

The IR spectrum of D; shows characteristic bands at
around 3306, 3051, 1563, 1478-1433 and 1380-1342 cm™*
which can be attributed to the stretching frequencies of the
C-H of phenyl groups, C-H bond of F¢, C=0 of carbonyl
groups, C=C of Fc, and characteristic bonds of PPh;, consis-
tent with the formulation (Fig. 2A). The thermal stability of
D, was evaluated by thermogravimetric analysis (TGA). TGA
on the synthesized sample indicates that the first weight-loss
step can be attributed to the extraction of solvent molecules
below 150 °C (calculated 4.66%, found approx. 5%). The prin-
cipal weight-loss step occurs between 150 and 300 °C during
the decomposition of the cluster (Fig. 2B). After that, about
10% weight remains (which corresponds to the metal section
of the structure); the organic fraction entirely decomposes.
Accordingly, the remaining portion could probably be Cu,O-FeO,
but it should be noted that a further phase study on the residuals
was not performed. The general weight loss in the temperature
range of 150-300 °C of about 85% is near to the calculated

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Structural representations of D; and D, clusters.

>

Intensity (a.u.)

— D
— D

1478

7]
=

4000 3000 2000 1000
Wavenumber (cm'l)

A

s PH=T
e pH=5.5

e pH=4

Simulated

Intensity (a.u.)

5 10 15 20 25 30
20 (deg)

=3
N == 0N

0
YO |t
o

View Article Online

Jz QO
S
Z

o Ag

B 10
— Dy
_ —D;
X 75
2
=
= 50
-]
20
D
Z 25
0
200 400 600 800
T (°C)
D s
e pH=5.5
s pH=4
’;:‘ ﬁa ‘&: | ! Simulated
g ]
&
‘2
=
3
=

5 100 15 20 25 30
20 (deg)

Fig. 2 (A) IR spectra and (B) TGA of D; and D,. Comparisons of the simulated XRD patterns of (C) D; and (D) D, with samples immersed for 4

hours in solutions with various pH values.

amount of 79.5%. Accordingly, during the major weight-loss step,
cluster D; is fully decomposed to an uncertain metallic structure
according to the TGA results. As a result, D; is sufficiently stable
for use as a dye degradation photocatalyst with sunlight
irradiation.

Characterization and crystal structure of
[(PPh;),Ag0,CFcCO,Ag(PPh;),],-7CH;0H (D)

The synthesis steps for D, were the same as those for struc-
ture D,, except that Ag,0 was used instead of Cu,0O. The mo-
lecular structure of [(PPh;),Ag0,CFcCO,Ag(PPh;),],-7CH;0H
(D,) is shown in Fig. 1. The D, structure crystallizes as a
trinuclear cluster in the monoclinic space group (P2,). The

This journal is © The Royal Society of Chemistry 2020

central Fc dicarboxylic acid is connected to two Ag(i) centers
through both oxygens of the carboxylic functional group, with
Ag---O contacts ranging from 2.389 to 2.544 A (average 2.4515
A). Each silver atom is connected to two PPh; groups, and
the Ag-P bond distances vary from 2.425 to 2.440 A. The
Tolman's cone angles in the PPh; moiety are in the range of
48.71 to 56.91 degrees which are greater than those in cluster
D, and can be attributed to the lower steric hindrance. Also,
the torsion angles of the cyclopentadienyl rings vary from
about 103.67 to 104.97 degrees. Hydrogen bonding between
hydrogens of the CH;0H solvent and the coordinated oxygen
of the Fc dicarboxylic acid moiety lead to the presence of
methanol in the structure. Generally, the single-crystal X-ray
analysis results show that the ferrocenyl group is placed at
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the core of the binuclear silver cluster. Related crystallo-
graphic data, data refinement, and data on selected bond
lengths and angles for cluster D, are provided in Tables S1
and S3.f The IR spectrum of D, displays characteristic bands
at around 3398, 3050, 1544, 1480, 1434, 1383, 746 and 134
em™" which, due to structural similarities, are quite compara-
ble to those in the IR spectrum of D, and are consistent with
its formulation (Fig. 2A).

Similar to the results for cluster Dy, the TG curves of D,
exhibit two weight-loss steps. The cluster loses the CH;OH
molecules below 120 °C (calculated 6.8%, found approx. 6%).
After loss of the solvent, the structure is stable until 220 °C.
For the D, cluster, the main weight-loss step occurs between
220 and 285 °C and can be attributed to the decomposition
of the complex (Fig. 2B). Following the main weight-loss step,
about 15% further weight is lost between 300 and 800 °C
which shows that the organic portion has fully decomposed.
Therefore, the remaining part (about 20%) is probably Ag,O-FeO,
but it should be noted that no further phase studies on the resid-
uals were performed. The major weight loss of about 75% in the
temperature range of 220-800 °C is near to the calculated amount.
As a result, during the major weight-loss step, cluster D, is fully
decomposed to an uncertain metallic structure according to the
TGA results. Therefore, D, is sufficiently stable for use as a dye deg-
radation photocatalyst with sunlight irradiation.

The pH of the solution is one of the most important fac-
tors affecting the adsorption and degradation of dyes because
it directly affects the redox reversibility of photocatalysts. The
pH values of D; and D, mixtures with MB without any manip-
ulation are 5.5, so the pH was adjusted to more basic and
acidic values (pH = 4 and 7) by the addition of some drops of
0.1 M solutions of NaOH or HNOj;. Any structural changes
were followed by PXRD measurements. As shown in
Fig. 2C and D, the structures remain unchanged in the men-
tioned pH range. Therefore, to find the optimum pH value
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for the dye degradation reaction, the process of dye degrada-
tion was performed in the presence of photocatalyst, hydro-
gen dioxide and sunlight at different pH values. It should be
noted that both D, and D, samples were kept in darkness for
30 min prior to the experiments and then aliquots were taken
from the reaction vessels every 10 min. UV-vis analysis was
used to determine the quantity of residual dye in each case.
As can be seen in Fig. 3, although the degradation rate is
higher at lower pH, the results are similar and so we chose
the unchanged pH (5.5) for further degradation studies. The
difference in the adsorption behavior of the two compounds
at different pHs can be attributed to the presence of a free
carbonyl group in Dy, which can interact with H' in acidic
conditions, reducing available groups for dye adsorption.

As can be seen, the D; cluster is better at adsorbing the
dye than the D, cluster. These findings indicate that D; has
better interactions with the dye through the non-coordinated
oxygens of the carboxylic acid of the Fc(COO), moieties. The
probable interactions of MB with D; could include n-n inter-
actions and hydrogen bonding between the free oxygen of the
carbonyl groups and hydrogens of the dye, as shown in
Scheme 1.

The as-prepared clusters were employed as photocatalysts
for the photodegradation of MB in the presence of H,0, and
sunlight. To examine the roles played by various factors such
as the H,0,, clusters, and sunlight irradiation, seven experi-
mental conditions were applied to both of the clusters: (A)
H,0,/dark, (B) photocatalyst/dark, (C) H,O,/photocatalyst/
dark, (D) irradiation only, (E) H,O,/irradiation, (F) photo-
catalyst/irradiation, and (G) photocatalyst/irradiation/H,0,. As
can be seen in Fig. 4, the best degradation of the model dye
is achieved by the simultaneous addition of H,0, and D,
with sunlight irradiation. Also, the degradation rate of H,0,/
photocatalyst/irradiation is better than that achieved without
light irradiation. With continuous irradiation for about 15
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Fig. 3 Percentages of MB remaining in aqueous solutions over time in the presence of H,O,/photocatalyst/sunlight at different pH values. Part A
corresponds to D; and part B corresponds to D,; 100 mL of 150 ppm MB was used in each experiment.

760 | Catal Sci. Technol., 2020, 10, 757-767

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/c9cy02003a

Published on 16 December 2019. Downloaded on 5/23/2026 10:07:51 PM.

Catalysis Science & Technology

View Article Online

Scheme 1 Probable interactions between D; and MB.
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Fig. 4 Degradation over time of MB (as a model dye) under different conditions by D; (A) and D, (B). Black lines: H,O,/dark; pink lines:
photocatalyst/dark; purple lines: H,O,/photocatalyst/dark; yellow lines: irradiation only; cyan lines: H,O,/irradiation; red lines: photocatalyst/

irradiation; green lines: H,O,/photocatalyst/irradiation.

min, the colors of the MB solutions disappear, which means
that the dye molecules have degraded. Quantitative determi-
nations of the photodegradation rates were obtained from
In(C/Cy) vs. time plots (Fig. 4A and B) based on the peak
intensities of the UV-vis spectra (664 nm).

The UV-vis spectra in Fig. 5 compare the degradation
achieved over time by the D; (A) and D, (B) catalysts with
H,0, and irradiation. The UV-vis peak at 664 nm is very
strong for the MB solution without photodegradation. The re-
sults show that in the presence of D;, the photodegradation
rate of the dye is clearly accelerated. The decrease in dye con-
centration is obvious after 5 min and the concentration
reaches zero after less than 20 min of irradiation. Clearly, D,
shows a lower photocatalytic capacity for the degradation of
MB in comparison with D,;. The gradual decrease in the UV-

This journal is © The Royal Society of Chemistry 2020

vis spectral intensity and accompanying fading colors of the
model dye solutions prove that D, is a weaker photocatalyst.
The pictures of the dye solutions obviously show that the
color of MB fades more slowly during the reaction with D, in
comparison to that with D;.

The linear plots of In(C/C,) vs. time for all of the degrada-
tion processes are consistent with the first-order kinetic equa-
tion (Fig. S1t). The results confirm that D; is an extraordi-
nary catalyst for MB photodegradation under sunlight
irradiation. The linear fitting shows a rate constant of about
~0.24 57" for MB degradation catalyzed by D;. The rate con-
stant is about ten times lower for D, (~0.024 s™') indicating
that the photocatalytic performance of D, as the MB degrada-
tion photocatalyst is limited in comparison with that of D;.
However, it is still more efficient than many MB degradation

Catal. Sci. Technol., 2020, 10, 757-767 | 761
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Fig. 5 The pictures and corresponding UV-vis spectra of MB solutions after photodegradation with visible light (1 > 420 nm) for different times

using (A) D; and (B) D, clusters as the photocatalysts.

photocatalysts. The degradation efficiencies of D; and D, to-
ward MB are about 1500 mg g and 900 mg g~* which are far
greater than those of other reported catalysts.>** It should
be noted that the MB degradation rate of D, is very high and
only 10 mg of D; can decolorize more than 100 mL of a 150
ppm MB solution in less than 20 min. In other words, it can
be said that the rate of color destruction by this structure is
equal to 75 mg g~* min™", which is unique.

It is clear that the photocatalytic efficiency of D; under
sunlight irradiation toward MB is better than that of D, and
it is assumed that it may involve semi-conductivity. Based on
recent studies, structures formed by metals with variable va-
lences due to their semi-conductive nature may act as photo-
catalysts.>® Consequently, UV-vis diffuse reflectance spectro-
scopy (DRS) was employed to investigate the optical natures
of the structures. The strong broad absorption band of the
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two clusters in the range of 200 to 300 nm shown in
Fig. 6A reduces distinctly beyond 360 nm in the UV region.
On the other hand, there is a strong broad absorption band
in the visible region (380 to 580 nm). The high absorbance
intensity of both structures (up to 800 nm) in the visible
range over the entire visible spectrum has great importance.
As seen in Fig. 6B, the bandgap of the structures can be
evaluated from UV-vis DRS based on the Kubelka-Munk
function. Due to the high structural similarity of the com-
pounds, the values of the bandgaps (E,) are very close to
each other and are about 2 eV (obtained from the intersec-
tion points of the absorption edges in plots of F against E).
These values reveal that the D; and D, clusters could act as
excitable semi-conductors in visible light and that their
photocatalytic performances could be a consequence of the
visible and UV light in the sunlight.
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Fig. 6 (A) Solid-state UV-vis absorption spectra of D; and D, at ambient temperature. (B) Curves of the Kubelka-Munk function vs. E for D; and D,

(the inset shows the magnification).
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To evaluate the activation energy (E,) of dye degradation,
the process was performed at various temperatures in the
temperature range of 10-40.5 °C using a water bath. The col-
lected data are shown in Fig. 7. The k, value increases slowly
with increasing reaction temperature. From Fig. 7, it can be
seen that In(k,) shows a linear dependence on T™*, indicating
that the Arrhenius equation governs the reaction rate:

Ink=InA - B (1)
RT

where A and R denote the pre-exponential factor and molar
gas constant, respectively, and the activation energy is E,.
The relatively small value of E, signifies that the MB photo-
catalytic degradation could be based on a free radical mecha-
nism because it is less than a typical activation energy for the
direct cleavage of chemical bonds.

Proposed mechanism

The structural similarity of D; and D, is due to the presence
of the Fc group. Fc is a transition metal compound
(Fe(CsHs),), which possesses an electron donor-acceptor con-
jugated structure, and presents good reversible redox fea-
tures.”® Cyclic voltammetry (CV) experiments confirm
electron transfer during the reaction.***° Thus, the Fc moiety
may be oxidized to its cationic form (Fc') and subsequently
restored by an electron shift which produces the hydroxyl
radical through the conversion of Fe(n) to Fe(m) in the pres-
ence of H,O, (Fig. S21).

Comparative investigations using scavengers were done to
estimate the principal active species involved in dye degrada-
tion. Appropriate quenchers of oxidative intermediates (oxy-
gen or hydroxyl radicals) were added to examine the possibil-
ity of their formation.*® KI was applied as the OH radical
quencher and NaN; was used for the elimination of oxygen
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Scheme 2 The proposed mechanism of MB degradation by the
photocatalyst D, cluster under sunlight illumination in the presence of
H,0,.

and OH radical. Fig. S31 shows that the fading of the blue
color reduces from 100 to 82% after the addition 0.25 mM of
NaNj;, and drops to 77% when the concentration of NaNj; is
increased to 0.5 mM. The 18% of color was remained by
using 0.25 KI and that even reduced to 7% in the presence of
0.5 mM KI as a radical scavenger. Furthermore, it can be
proved that both oxygen and ‘OH contribute to the dye discol-
oration, but it is clear that ‘OH has the primary effect and
plays the main role. Monitoring of the pH values during the
photocatalytic process showed that the pH of the reaction
vessel remains largely unchanged. So, the possible reaction
mechanism for the Fc portion of the structures is proposed
to be as follows:*'

Fe¢(D, or D,) + H,0, — F¢' + OH + ‘'OH (2)

F¢' + H,0 — Fc + H' + 'OH (3)

94

-10 4

In (k,)

=114
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-13 1

32 325 33 335 34 345 35 355 3.6
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Fig. 7 (A) Kinetic curves of MB degradation at different temperatures. (B) Arrhenius plot of In(ko) vs. (1/T) for the photocatalytic degradation of MB

by Dl.
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Fig. 8 (A) Mass spectra recorded of MB degradation at different reaction times. (B) Photocatalytic degradation pathway of MB.'° (C) Recycling
tests using D; under sunlight irradiation for the photocatalytic degradation of MB. (D) Powder XRD patterns of D; before and after four MB

photocatalytic degradation cycles.

2Fc" + H,0, — 2Fc + 2H" + O, 4)

The obtained high photocatalytic degradation efficiency of
MB by D; confirms however that another mechanism is in-
corporated in the dye degradation.

Based on the literature, illumination of the mixture of dye
and photocatalysts by light or photons with equal or greater
energy than the photocatalyst bandgap can excite some
electrons from the photocatalyst VB to the CB and create
holes (h") in the VB. Although extensive studies have con-
firmed that organic linkers can serve as the VB and the me-
tallic portion can act as the CB, here it seems that the Cu
ions and ligands play the roles of VB and CB, respectively.
However, due to the relatively low standard electrochemical

764 | Catal. Sci. Technol., 2020, 10, 757-767

potential of Cu(u) to Cu(r) (0.159 V), the Cu(i) in D; can be
easily converted to Cu(u).

As shown in eqn (6), H,O, (as an effective electron scaven-
ger) can be combined with an electron to form "OH and OH .
On the other hand, the stabilization of formed holes (Cu(u))
can be achieved by bonding with generated hydroxides (eqn
(6)) or other oxygen-containing moieties or solvents in the re-
action vessel.

As shown in eqn (7-1) and (7-2), Fenton-like reactions may
occur based on in situ formed Cu(u) to create more "'OH spe-
cies. By adding dye to the reaction vessel, consumption of
"OH during the dye degradation drives eqn (2)-(4), leading to
the formation of more Cu(u) and hydroxyl ((OH) species.

The probable photocatalytic mechanism is presented in
Scheme 2. It should be noted that other mechanisms, such

This journal is © The Royal Society of Chemistry 2020
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as (A) homolytic cleavage of H,0, following irradiation; (B)
oxidation of the Cu(1)/Cu(u) in the presence of H,0O,, and
therefore progress of the Fenton-like process; and (C) engage-
ment of O,, are also probable although they seem to have less
effect in comparison to the suggested mechanism; they may
play roles in the lower-efficiency removal of dyes in the ab-
sence of light or H,0,. Thus, the superb performance of D, is
due to a combination of Fenton and Fenton-like mechanisms
as schematically illustrated in Scheme 2.

D; + hv—Djf[e” +h"(Cu(n))] (5)
H,0, +e — 'OH + OH" (6)

Cu(n) + H,0, — Cu(1) + ‘'O,H + H" (7-1)
Cu(i) + H,0, — Cu(u) + OH + ‘OH (7-2)

It should be noted that the ability to use a Cu-based Fenton-
like catalyst in a neutral solution is a significant advantage.
Furthermore, the change in the pH value of the reaction ves-
sel during the degradation of MB is less than 0.5 units.***?

Analysis of MB degradation products during the
photocatalytic reaction and reusability of D,

The intermediates and final products of the MB degradation
reactions were analyzed by mass spectroscopy. The superna-
tants of the dye solutions at different times during the degra-
dation process and their mass patterns are presented in
Fig. 8. Based on the obtained results, the main metabolites
of MB were identified and reported based on their molecular
weights; these confirm the effectiveness of the designed
photocatalysts for MB degradation under sunlight irradiation.
MB photodegradation cycling experiments were carried out
using D; as the photocatalyst to test its stability. As shown in
Fig. 8C, no obvious drop in the photocatalytic performance of
D, is recognized after four cycles of the reaction. Moreover,
the XRD pattern of D, after four photodegradation cycles
presented in Fig. 8D proves its structural stability.

Conclusion

Two novel Fe-functionalized coinage clusters [(PPh;3);CuO,-
CFcCO,Cu(PPh;);]-3CH;0H (D;) and [(PPh,),Ag0,CFcCO,Ag-
(PPh;),],-7CH;0H (D,) were designed and synthesized for dye
degradation by concurrent heterogenic Fenton and Fenton-
like reactions under natural sunlight. The results show that
the degradation efficiencies of D; and D, toward MB are
about 1500 mg ¢~* and 900 mg g~ ', respectively, which are far
higher than those of other reported catalysts. It should be
noted that the MB degradation rate of D, is very high and
only 10 mg of D; can decolorize more than 100 mL of a 150
ppm MB solution in about 15 min. Furthermore, the perfor-
mance of D; as a dual photocatalyst under natural sunlight
irradiation in the presence of H,O, does not need any pH ad-
justment which is a unique feature of this photocatalyst. The

This journal is © The Royal Society of Chemistry 2020
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difference between the photocatalytic performances of D;
and D,, which are structurally very similar, shows that the
combination of Fenton and Fenton-like mechanisms in
heterogenic clusters could be a very promising method for
dye degradation in natural sunlight.
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