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An efficient photocatalysis-self-Fenton system
based on Fe(i)-MOF/g-CsN4 for direct
hydroxylation of benzene to phenolf

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2023,
4, 2999

Xu Jia,*® Xuetong Xu,® Cong Liu,? Fuying Wang,? Liuxue Zhang, (2 * Shuyan Jiao,**
Genxing Zhu,? Guomin Yu® and Xiulian Wang®

In order to avoid the issues causing weaknesses in the cumene method, a heterojunction catalyst based
on Fe()-MOF/g-C3N4 was synthesized via in situ synthesis. The combination of Fe(i)-MOF and g-CzN4
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was stable. With the synergistic effect of photocatalysis and the Fenton effect, the catalyst could achieve
efficient direct hydroxylation of benzene to phenol. The yield and selectivity were 16.4% and 98.8%
under the optimum conditions, respectively. And the catalytic activity of the heterojunction still
sustained well after 5 reaction cycles. Hence, the explored photocatalysis-self-Fenton system could be
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Introduction

Phenol, an important industrial chemical, was widely used in
the production of various chemical products and intermediates
such as phenol resin and bisphenol A. Recently, the cumene
method has been found to be the main way of industrial phenol
production." However, this method has some weaknesses such
as high energy consumption, requirement of strong acids and
low yield of phenol every time.” Due to the mild reaction
conditions, small energy consumption, and few by-products,
the direct hydroxylation of benzene to produce phenol has
attracted wide attention. Nevertheless, most of the traditional
benzene hydroxylation catalysts needed high temperature and
high pressure, and the reaction of phenol was vigorous and it
was easily overoxidized.® Photocatalysis is a green technology
that converts renewable solar energy directly into chemical
energy, and it could achieve direct hydroxylation of high-
efficiency benzene to produce phenol.*

As a new type of porous crystal material, metal-organic
frameworks (MOFs) have been widely applied in the field of
photocatalysis with their large specific surface area, regular
aperture, open pore channels and abundant catalytic sites.’ In
particular, due to the presence of extensive ferric oxygen (Fe-O)
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applied in the field of direct hydroxylation of benzene to phenol.

clusters, iron-based MOFs were attractive in photocatalysis.®
For instance, Zhang et al. prepared a mixed valent Fe-based
MOF, which had an excellent catalytic performance in photo-
catalytic hydrogen production.” In addition, due to the Fenton
reaction, the iron-based MOFs could react with H,O, to produce a
hydroxyl radical, and the photocatalytic benzene hydroxylation
could be achieved to prepare phenol.® Tu has synthesized a novel
Fe-based MOF with a topological framework as a recyclable
heterogeneous catalyst for benzene hydroxylation.” The Yang
group reported a mixed valent Fe-based MOF, which greatly
enhanced Fenton performance and further improved the effi-
ciency of benzene hydroxylation to produce phenol."°

To a certain extent, although MOF materials could be applied to
the direct hydroxylation of benzene to prepare phenol, its limited
response to light impeded its wide application. Due to its graphene-
like two-dimensional (2D) structure, suitable band gap (2.7 eV),
visible light absorption, chemical and thermal stability, non-
metallic properties and photocatalytic properties, C;N, had attracted
extensive attention as a sustainable material.'* Sanny et al had
designed a bimetallic CuAg@g-C3;N, catalyst system by impregnat-
ing copper and silver nanoparticles on the surface of g-C;N,. It
achieved ideal results in benzene hydroxylation under visible light."
In addition, when g-C;N, was combined with an MOF, it facilitated
not only the response of the MOF substrate to light, but also the
diffusion of the reactants and products.”® For instance, Fu et al.
pointed out that the combination of g-C;N, and MOF heterojunc-
tions could greatly improve the efficiency of carrier separation and
then photocatalytic activity."* Qi showed that the combination of
2-C3N, and MOFs not only facilitated the absorption of visible light,
but also facilitated the separation of electrons and holes, thus
improving the performance of the catalyst.'®
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Herein, a novel photocatalyst Fe(u)-MOF/g-C;N, was pre-
pared by an in situ composite technique. Fe-based MOFs can
undergo the Fenton reaction with hydrogen peroxide to release
hydroxyl radicals. g-C;N, possesses a suitable band gap and
could realize the efficient absorption of visible light. The
combination of the Fe(u)-MOF and g-C;N, would exhibit syner-
gistic effects of the Fenton effect and photocatalysis with
relatively high yield and better selectivity in the direct hydro-
xylation of benzene to phenol. Therefore, the synthesized
catalyst was expected to play an important role in the field of
direct hydroxylation of phenol.

Experimental
Materials and synthesis

Ferrous acetate (>90%) was obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd. 1,4-Benzoquinone (97%) was
obtained from Guangdong Wong Jiang Chemical Reagent Co.,
Ltd. 2-Aminoterephthalic acid (AR) was purchased from
Zhengzhou Alfa Chemical Co., Ltd. 30% hydrogen peroxide
and N,N-dimethylformamide (AR) were obtained from Tianjin
Kemiou Chemical Reagent Co., Ltd. The other chemicals were
commercially obtained and used without further purification.

Synthesis of the ferrous acetate MOF (Fe(u)-MOF)

In order to embed unstable Fe*" into the skeleton structure of
MOF, Fe(u)-MOF was prepared by the slight adjustment of the
synthesis method reported by the Xu team.'® Firstly, Ferrous
acetate (1.2 g, 6.90 mmol) was dissolved in 15 mL DMF/ethanol
mixture (V/V, 1:1). And then, 30 mL DMF solution containing
2-aminoterephthalic acid (1.0 g, 5.52 mmol) was slowly injected
into the abovementioned solution under stirring at room
temperature. When the solution was mixed evenly, the reaction
was heated to 45 °C and stirring was continued for 1 h at a
speed of 500 rpm under nitrogen. The product was collected by
centrifugation and washed with ethanol several times, dried in
a vacuum, and labeled as Fe(un)-MOF for further use.

Synthesis of layered g-C;N, nanosheets

Layered g-C3N, nanosheets were prepared by a two-step calci-
nation method. A certain amount of melamine was transferred
into a quartz boat and placed in a closed tubular furnace. The
temperature was increased to 550 °C at a heating rate of 5 °C
min ", kept for 2 hours, and then the reaction was continued in
a flowing air atmosphere for 4 hours. After cooling to room
temperature, the grinder ground light yellow powder was
labeled g-C3N,."”

Synthesis of Fe(u)-MOF/g-C3N, composites

The synthesis procedure for Fe(u)-MOF/g-C;N, was similar to
that described above for the preparation of Fe(u)-MOF, except
that 0.5 g of layered g-C;N, powder was added to the solution
before the addition of 2-aminoterephthalic acid. Then the
reaction time was extended to 4 h. The prepared sample was
labeled as Fe(i)-MOF/g-C;N,.*
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Characteristics conditions of photocatalytic hydroxylation

The evaluation of photocatalytic performance was carried out
in quartz reactors. The LED lamp (5 W) which emitted simu-
lated sunlight full spectrum irradiation (380-760 nm) was used
as the light source. Specifically, Fe(i1)-MOF/g-C3;N, composites,
acetonitrile, trifluoroacetic acid and benzene were added to the
reactor, and gently stirred for a period of time. When the
temperature of the solution was increased to the setting tem-
perature, the lamp was turned on. H,O, was titrated into the
solution within 30 min. The reaction was maintained for a
period. Then, the solution was treated by centrifugation. The
qualitative and quantitative analysis of the supernatant was
performed using toluene as an internal standard by gas chro-
matography-mass spectrometry (GC-MS qp2010) and gas chro-
matography (Agilent 6820). In parallel research experiments,
the best reaction conditions were explored by adjusting the
ratio of H,0, and benzene, reaction time and solvent.

The conversion of benzene, the selectivity of phenol and the
yield of phenol are calculated as follows:

the mol of the residual benzene

C (conversion of benzene) = 1 — —
( ) the mol of the initial benzene

x 100%

the mol of generated phenol
the mol of invert benzene

S (selectivity of phenol) = x 100%

the mol of generated phenol

the mol of the initial benzene x 160%

Y (yield of phenol) =

Characterization of the Fe(u)-MOF/g-C3N, composites

The morphology of the catalysts was verified by scanning
electron microscopy (Phenom Prox) with an operating voltage of
10 kv. The X-ray diffraction (Rigaku Ulitima IV) pattern was obtained
with Cu Ko, radiation at a scan speed of 10 min™~" from 5 to 60°. The
steady-state photoluminescence was tested on a Hitachi F-7100
spectrofluorometer at room temperature. The transient photocurrent
measurements, electrochemistry impedance spectroscopy (EIS) and
Mott-Schottky plots were evaluated using the electrochemical work-
station (CHIG00E). The electrochemical information was collected
using a standard three-electrode cell: Ag/AgCl electrode (SCE) as the
reference electrode and Pt electrode as the counter electrode. The
working electrode was prepared using a rectangular FTO glass sheet
(2 em x 1 cm) on which was spread 50 pL N,N-dimethylformamide
solution of photocatalysts (10 mg mL™') evenly. The prepared
electrode should be dried in the oven at 80 °C for 2 h.

The quantitative analysis of phenol was performed by gas
chromatography (Techcomp GC7900), the injection port tem-
perature was 210 °C, FID was selected as the detector and the
temperature was set at 240 °C.

Results and discussion
Sample structure characterization

The crystal structure of the photocatalyst was characterized and
analyzed using an X-ray diffractometer. As shown in Fig. 1(a),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 XRD patterns (a) and infrared spectra (b) of Fe()-MOF, layered
g-CsNy4, and Fe(i)-MOF/g-C3sN,.

a series of diffraction peaks of Fe(u)-MOF could be observed
such as 9°, 11.8°, 18.08°, 18.99°, 22.25°, 27.6°, and 30.9°, which
were consistent with the results reported in the related literature,
and no other impurity peaks were observed, that indicated the
Fe(n)-MOF material was successfully prepared in the experiment,
and the synthesized material had high crystallinity."® In addition,
it could be clearly observed that the Fe(u)-MOF/g-C;N, and Fe(u)-
MOF had very similar XRD peaks, which confirmed that the
incorporation of g-C;N; did not change the stable skeleton
structure of MOF material, and a new smaller peak was found
at 20 = 27.7° in the XRD diffraction pattern of the composite
material, which could be considered a typical interlayer stack
peak (002) attributed to g-C3N,."° Therefore, XRD results indi-
cated that the two materials were successfully combined.
Fourier infrared spectroscopy was used as an analytical tool
to characterize the structural characteristics of photocatalyst
samples. As shown in Fig. 1(b), the absorption peaks near
1643 cm ' and 1427 cm ' were attributed to the symmetric
and asymmetric stretching of -COOH in the backbone of the
organic ligand (2-amino terephthalate) connected to Fe**, respec-
tively, which proved that it contained the carboxyl group.'® In
addition, the absorption peak at 521 cm™" corresponded to the
vibration peak of Fe-O, which further confirmed the formation of
the Fe(n)-MOF material.>° For layered g-C;N,, the wide absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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band between 3000 cm™ " and 3500 cm™ " was caused by the N-H
and O-H stretching patterns. The sharp absorption band at
812 cm ! was attributed to the bending vibration absorption
of the carbon nitrogen ring (C-NH-C) in the triazine ring
structure.”’ Peaks at 1633 cm™ ' and 1247 cm ™' were associated
with the typical -C=N- tensile vibrations of heptazine derived
repeat units and the C-N stretching of aromatic groups,
respectively.”> When g-C;N, was introduced into MOF, the same
position peak as mentioned above could be observed in the
spectrum of the composite material, that confirmed the suc-
cessful preparation of Fe(u)-MOF/g-C3N,. It was worth noting
that the peak intensity of g-C;N, was generally reduced, which
might be caused by the low content in the composite material,
which was consistent with XRD results.

The surface morphology and elemental distribution infor-
mation of samples were obtained by scanning electron micro-
scopy and EDS analysis. The Fe(u)-MOF exhibited a small and
uniform spindle-like morphology (Fig. 2(a) and Fig. SI1, ESI{).>*
As shown in Fig. 2(b), layered g-C;N, formed by continuous
calcination of melamine in tubular furnace obviously presented
a stacked sheet structure and had a larger specific surface area
than the massive g-C;N,4, which was favorable for photocatalytic
reactions.”® And it could be observed that Fe(II}-MOF and
2-C3N, were tightly bound together (Fig. 2(c)), the relatively
large particle size might be caused by the longer reaction time
of the composite than that of pure Fe(u)-MOF. And then, the
EDS results showed that Fe, C and N elements were uniformly
distributed on the composite material, which could prove the
successful preparation of Fe(u)-MOF/g-C;N,.

In order to better analyze the composition and valence of the
elements on the surface of the photocatalyst sample, the X-ray
photoelectron spectra of the prepared sample were tested, and
the results are shown in Fig. 3(a). The full-scan spectrogram of
Fe(u)-MOF/g-C;N, further proved the presence of Fe, C, N and O
in the composite sample, which was consistent with the EDS
results. The high-resolution C 1S XPS spectrum could be decom-
posed into four peaks located at 284.8 eV (C1), 285.9 eV (C2),
287.0 eV, (C3) and 288.7 eV (C4) (Fig. 3(b)). Major C1 was usually
attributed to standard carbon, while C2 and C4 peaks at
285.9 and 288.7 eV were attributed to carboxyl groups (O-C—=0)
in organic ligands.”® The smaller peak (287.0 €V) C3 in the
photocatalytic composite Fe(i)}-MOF/g-C;N, was assigned to sp>
hybrid carbon atoms (N-C=N) in g-C;N,.>® The N 1s XPS spectra

L

e N i
G

—

Fig. 2 SEM images of (a) Fe(i)-MOF, (b) layered g-CsN4, (c) Fe()-MOF/
g-C3Ngy.
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Fig. 3 Full spectrum comparison of XPS of (a) Fe(i)-MOF, layered g-C3N,, and Fe(i)-MOF/g-C3zN4; high resolution XPS of (b)C 1S (c) Fe(i) 2p, (d) N 1s and

(Jvalence band (VB) XPS spectra of Fe(i)-MOF/g-CzNy.

of the two samples were deconvoluted into three peaks located at
398.5 and 400.4, corresponding to bicoordinated nitrogen (Nyc), and
tricoordinated nitrogen (Njc) in the heptazine framework, respec-
tively (Fig. 3(e)).>” By analyzing the high-resolution XPS spectrum of
Fe 2p of Fe(u)-MOF/g-C;N, (Fig. 3(c)), three peaks could be further
fitted, and peaks with binding energies of 711.4 eV, 717.3 eV and
724.7 eV could be assigned to Fe*" 2p3/2, satellite peaks and Fe**
2p1/2, respectively.”® The binding energy difference between the Fe
2p3/2 peak and the satellite peak is approximately 6 eV. The
presence of this “shoulder” satellite peak and the binding energy
difference of 6 eV are consistent with the results obtained by other
researchers, and are clear evidence of the existence of Fe**.>>! The
binding energy of the composite peak was slightly higher than that
of Fe()-MOF, which proved the rapid transfer of electrons and the
characteristic of the formation of a heterojunction.

Performance study of the photocatalytic benzene hydroxylation
system

Effect of different catalysts on the hydroxylation of benzene
to phenol. The benzene hydroxylation properties of the photo-
catalysts Fe(n)-MOF, g-C3;N, and Fe(un)-MOF/g-C;N, in pure
acetonitrile solvents were compared with hydrogen peroxide
as the oxidant. The experimental results are illustrated in
Table 1. A lower phenol yield could be detected in the post-
reaction products catalyzed by g-C;N,4, and the yield was only
4.6%. Compared with g-C3N,, the catalyst Fe(u)-MOF could
achieve a benzene conversion rate of 6.5%. Under the same
conditions, when the composite Fe(n)-MOF/g-C;N, was used as
a catalyst, it exhibited higher photocatalytic performance than
any single component (16.6% phenol yield and 98.8% phenol
selectivity). Therefore, the best performance of Fe(u)-MOF/g-C3N,
was selected as the photocatalyst for benzene hydroxylation to
make phenol in the following experimental exploration.

3002 | Mater. Adv., 2023, 4, 2999-3009

Table 1 Effect of different photocatalysts on benzene hydroxylation to
produce phenol

Entry Yield (%) Conversion (%) Selectivity (%)
1 6.1 6.5 93.8
2 4.6 4.9 93.9
3 16.4 16.6 98.8
4 7.8 8.0 97.0

Reaction conditions: catalyst (1: Fe(u)-MOF, 2: g-C3N,, 3: Fe(u)-MOF/
2-C3Ny, Fe(u)-MOF + g-C3N, mixture) (1-3: 20 mg, 4: Fe(u)-MOF 14 mg,
2-C3N, 6 mg), benzene (1.6 mL, 18.05 mmol), H,0, (30 wt%) (0.6 mL),
acetonitrile: 11 mL, trifluoroacetic acid: 0.1 g, trifluoroacetic acid: 0.1 g,
time: 4 h and T: 333 K

Effect of the catalyst amount

In order to investigate the effect of the amount of Fe(u)-MOF/
g-C3N, on the performance of benzene hydroxylation to phenol,
catalyst samples of different amounts were added under the
conditions of 1.6 mL substrate benzene, 11 mL acetonitrile and
0.6 mL oxidant H,0,. The photocatalytic performance of the
system was tested at 60 °C for 4 h. As illustrated in Table 2, when
there was no photocatalyst, direct hydroxylation was difficult for
benzene under light irradiation, and almost no phenol was
generated. With the increase of photocatalyst amount, the perfor-
mance of benzene hydroxylation reaction was greatly improved,
mainly because more catalysts could satisfy the quantity of Fe**
required for the Fenton reaction, and more -OH was generated to
react with the benzene ring to produce phenol.**** When the
catalyst amount was further increased, the yield of phenol
decreased. Similar phenomena could be found in previous refer-
ences. More catalyst powder in the photocatalytic process might
cause the shielding effect, leading to the decrease of light utiliza-
tion. Moreover, excessive production of hydroxyl radicals led to the
self-quenching side reaction. The self-quenching reaction had a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The effect of the amount of catalyst on the catalytic benzene
hydroxylation
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Table 4 Effect of the amount of trifluoroacetic acid on the catalytic
benzene hydroxylation

Entry m (mg) Yield (%) Conversion (%) Selectivity (%) Entry Mass of TFA (g) Yield (%) Conversion (%) Selectivity (%)
1 0 0.8 0.97 82.0 1 0 7.0 7.3 95.9
2 10 11.7 12.1 96.7 2 0.05 10.5 10.8 97.2
3 20 16.4 16.6 98.8 3 0.10 16.4 16.6 98.8
4 30 13.6 14.0 97.1 4 0.15 13.0 13.3 97.7
5 40 10.9 11.3 96.5 5 0.20 9.2 9.5 96.8

Reaction conditions: benzene (1.6 mL, 18.05 mmol), H,0, (30 wt%)
(0.6 mL), acetonitrile: 11 mL, trifluoroacetic acid: 0.1 g, ¢ = 4 h and
T=333K

fast reaction rate, which was not conducive to the hydroxylation of
the benzene reaction. Therefore, the optimal catalyst quality was
20 mg from performance and economic considerations.**"#

Effect of the amount of hydrogen peroxide

In the reaction system of photocatalytic benzene hydroxylation, the
amount of oxidant (hydrogen peroxide) was another key factor
which affected the activity of benzene hydroxylation to phenol. 20
mg of the Fe(i)-MOF/g-C;N, catalyst, 1.6 mL of benzene and 0.1 g
of co-catalyst trifluoroacetic acid were transferred to 11 mL of
acetonitrile solvent with different volume ratios of benzene and
hydrogen peroxide (8:1, 8:2, 8:3, 8:4 and 8:5). The effect of
H,0, addition to benzene hydroxylation to phenol was detected at
60 °C for 4 h. As illustrated in Table 3, the photocatalyst could
harvest the optimal benzene hydroxylation to phenol, phenol yield
and selectivity were 16.4% and 98.8%, respectively, under a volume
ratio of 8:3. However, only a lower phenol yield was obtained at a
higher volume ratio. This might be caused by the reasons that the
higher H,0, concentration to capture the hydroxyl radical was
strong which reduced its amount in solution,® and excessive
oxidants would not only further convert phenol into by-products,
but also lack economic and environmental protection in practical
applications. Therefore, the optimal amount of hydrogen peroxide
was 0.6 mL for this experiment.

Effect of the trifluoroacetic acid amount

When acetonitrile was selected as the reaction solvent, studies
had shown that the co-catalyst trifluoroacetic acid would help
the system to form a uniform system between the composite
and the reaction medium.*® To further investigate the extent of
influence of trifluoroacetic acid on the photocatalytic reaction,
the masses of the cocatalyst were 0 g, 0.05 g, 0.10 g, 0.15 g and
0.20 g without changing the other reaction conditions, and the

Table 3 The effect of the added amount of H,O, on the catalytic
benzene hydroxylation

Entry n(H,0,)/n(benzene) Yield (%) Conversion (%) Selectivity (%)

1 1/8 2.5 2.6 96.2
2 2/8 7.5 7.8 96.2
3 3/8 16.4 16.6 98.8
4 4/8 12.7 13.0 97.7
5 5/8 11.0 11.3 97.3

Reaction conditions: catalyst (20 mg), benzene (1.6 mL, 18.05 mmol),
acetonitrile: 11 mL, trifluoroacetic acid: 0.1 g, time: 4 h and T: 333 K

© 2023 The Author(s). Published by the Royal Society of Chemistry

Reaction conditions: catalyst (20 mg), benzene (1.6 mL, 18.05 mmol),
H,0, (30 wt%) (0.6 mL), acetonitrile: 11 mL, time: 4 h and T: 333 K.

results are illustrated in Table 4. When the cocatalyst was not
used in the photocatalytic process, the conversion rate of
benzene was only 7.3%. When the addition of trifluoroacetic
acid was 0.1 g, the best benzene conversion rate (16.6%),
phenol yield (16.4%) and selectivity (98.8%) could be obtained.
When the amount of trifluoroacetic acid was further increased,
the photocatalytic performance was reduced. Similar phenomena
have been studied in the published references. The decrease of
the hydroxylation of benzene at a higher amount of CF;COOH was
apparently due to the decomposition of substantial amount of
H,0, via the Fenton reaction to facilitate hydroxyl radical genera-
tion before attaining the maximum reaction rate. Indeed, the part
of hydroxyl radicals which was involved in the hydroxylation of
benzene was decreased, while the part of which led to the self-
quenching side reaction was increased.*' ™ Therefore, the
optimum amount of trifluoroacetic acid was 0.1 g in this system.

Effects of the reaction time and temperature

The effect of different reaction times on the selective catalytic
oxidation of benzene by Fe(u)-MOF/g-C3N, is illustrated in
Table 5. The experiment of hydroxylation reactions was taken at
different times such as 1 h, 2 h, 3 h, 4 h and 5 h. The reaction
time had an important impact on the yield of phenol, initially the
yield increased with the increase of the reaction time, and then
the yield decreased as the time continues to extend. When the
reaction lasted for 4 h, the selectivity of phenol reached 98.9%,
and the conversion of benzene also increased to 16.6%. And the
yield of phenol decreased slightly with the extension of the
reaction time, which might be caused by the oxidation of phenol.

The influence of the reaction temperature was also investi-
gated on the photocatalytic reaction, the experimental systems
were placed at 50, 60 and 70 °C respectively. As illustrated in
Table 6, initially, the yield increased with the increase of tempera-
ture, and then the yield decreased as the temperature continued to

Table 5 Effect of the reaction time on the catalytic benzene hydroxylation

Entry t (h) Yield (%) Conversion (%) Selectivity (%)
1 1 6.6 6.7 98.5
2 2 10.1 10.3 98.1
3 3 14.3 14.6 97.9
4 4 16.4 16.6 98.8
5 5 15.3 16.9 90.5

Reaction conditions: catalyst (20 mg), benzene (1.6 mL, 18.05 mmol),
H,0, (30 wt%) (0.6 mL), acetonitrile: 11 mL, trifluoroacetic acid (0.1 g)
and T =333 K
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Table 6 Effect of the reaction temperature and light on the benzene
hydroxylation reaction

T (°C) Yield (%) Conversion (%) Selectivity (%)
50 11.8 12.2 96.7
60 16.4 16.6 98.8
70 14.3 14.8 96.6
60 11.1 13.7 81.1

Reaction conditions: catalyst (20 mg), benzene (1.6 mL, 18.05 mmol),
H,0, (30 wt%) (0.6 mL), acetonitrile: 11 mL, trifluoroacetic acid: 0.1 g
and ¢ = 4 h, 60% 60 °C in dark.

rise. The best benzene conversion and phenol selectivity was
obtained at 60 °C. That might be because the higher reaction
temperature was favorable for the generation of active radicals
required during photocatalysis, which accelerated the photo-
catalytic reaction and increased the benzene conversion and yield
of phenol to 16.6% and 16.4%, respectively. The photocatalytic
performance of Fe(n)-MOF/g-C;N, decreased when the reaction
temperature reached 70 °C. The self-decomposition of hydrogen
peroxide and the deep oxidation of phenol might be caused by the
high temperature. And the reaction temperature increased close to
the boiling point of benzene, it was easy to lead to the volatilization
of the reactant.*® Therefore, the optimal time for benzene hydro-
xylation was 4 h and the optimal temperature was 60 °C.

Performance study of the photocatalytic cycle

Considering the economic benefits and the full utilization of
materials, it was essential to further study the regeneration and
reusability of photocatalysts. Therefore, the recycling ability of
Fe()}-MOF/g-C;N, as a heterogeneous photocatalyst was investi-
gated. After the photocatalytic reaction, the catalyst was collected
by centrifugation and washed with ethanol the regenerated catalyst
was used under the optimal experimental conditions. As shown in
Fig. 4, the photocatalytic performance of Fe(u)-MOF/g-C;N, main-
tained well after five cycles, and the benzene conversion rate was
14.7%, which was close to the yield with the fresh catalyst. This
result proved that the photocatalyst was highly stable and could be
recycled.

A comparative study of Fe(n)}-MOF/g-C;N, MOFs and other
photocatalysts previously reported for the photocatalytic hydroxyla-
tion of benzene to phenol was conducted, and the results are shown
in Table 7. The phenol selectivity (99%) and yield (16.4%) obtained
using the Fe(n)-MOF/g-C3N, photocatalyst were higher than or
comparable with those obtained using other photocatalysts.

Enhancement of photocatalytic performance and exploration of
the process mechanism

Factors for improving photocatalytic performance. The light
absorption characteristics of the sample could be understood
by using the solid UV-visible diffuse reflection test, so as to
further study the band structure of photocatalyst samples. As
shown in Fig. 5, a single Fe(u)-MOF material had a wide light
absorption range of absorbing light from the UV region to the
visible region, where the wide absorption band displayed within
a wavelength of 400 nm is concerned with the n-n* transition in
the NH,-BDC ligand and the band gap is 1.18 eV.”> The light
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Fig. 4 Recycling of Fe(1)-MOF/g-CsN4. Reaction conditions: catalyst
(20 mg), benzene (1.6 mL, 18.05 mmol), H,O, (30 wt%) (0.6 mL), aceto-
nitrile: 11 mL, trifluoroacetic acid: 0.1 g, t =4 hand T = 333 K.

Table 7 Comparison of photocatalytic activity of Fe(i)-MOF/g-C3sN,4 with
other reported photocatalysts for the photocatalytic hydroxylation of
benzene to phenol

Sample Amount (mg mL™") Time (h) Yield (%) Ref.
FeVO,@ALO; 3.75 4 13.6 47
ZFO@C-2 5 — 15.5 48

FePc 6 4 15.2 49
UiO-66-NH,-SA-V 1.5 4 15.3 50
Fe-g-C;N,/SBA-15 5.5 4 12.0 51
Fe(11)-MOF/g-C;N, 1.5 4 16. 4 This work

absorption capacity of the material in the visible light region
was attributed to the existence of the Fe-O cluster of the iron-
metal-organic framework material itself.>® A single g-C;N, with
absorption range from 200 nm to 450 nm had poor response
to visible light and the band gap is 2.54 eV. Compared with
Fe(u)-MOF, highly similar absorption spectra appeared in
the composite Fe(u)-MOF/g-C;N,, and its optical absorption
intensity increased significantly in the wavelength range of
200-620 nm and the band gap is 1.56 eV, which proved that
the composite had better optical absorption capacity.

The high photogenic-hole charge separation effect played an
important role in photocatalytic phenol production. Therefore,
the photoluminescence behavior of Fe(n)-MOF, g-C3N,, and
Fe(un)-MOF/g-C3N, were determined at an emission wavelength
of 375 nm. Due to the fluorescence quenching behavior of
2-aminoterephthalic acid and Fe**, the fluorescence intensity of
the single Fe(u)}-MOF material was close to the baseline
(Fig. 6(a)). However, when the Fe(u)-MOF combined with the
g-C3N,, Fe(n)-MOF/g-C3N, showed a lower fluorescence inten-
sity than the g-C;N, at a wavelength of 440 nm. These results
indicated that Fe(u)-MOF/g-C;N, had a higher photogenerated
hole-charge separation efficiency.

The electrochemical impedance was also employed to further
observe the effect of introducing g-C;N, on photogenic charge-hole
on recombination. The EIS Nyquist curves of g-C3N,, Fe(n)}MOF and
Fe(u)-MOF/g-C;N, electrodes were recorded under light avoidance
conditions (Fig. 6(b)). The smaller the radius of the Nyquist circle,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fe(1)-MOF/g-CsN,4 (a) and band gap diagram of layered g-CsNy4, and Fe(n)-
MOF/g-C3Ny (b).

the smaller the transfer resistance, which indicated the lower the
recombination rate of photogenerated carriers. Therefore, the
separation efficiency of the electron-hole pair of Fe(u)-MOF/g-C3;N,
was significantly higher than that of Fe(u)-MOF and g-C3Nj.

In order to explore the influence of g-C3N, introduction on
the band structure, Mott-Schottky curves of g-C3N,, Fe(u)-MOF
and Fe(u)-MOF/g-C3N, catalysts were obtained by the Mott-
Schottky measurement method (Fig. 6(c)). The curves reveal
that the tangent line presents a positive slope at a frequency
of 1000 Hz, which indicated that g-C3N,, Fe(u)-MOF and
Fe()-MOF/g-C;N, were all typical N-type semiconductors. The
optical properties of Fe(u)-MOF/g-C;N, were measured by using
UV-vis absorption spectra (Fig. 5(a)), and the intrinsic optical
bandgap energy (E,) was calculated according to the Kubelka-
Munk function (Fig. 5(b)). Then the E, of Fe(u)-MOF/g-C;N, was
determined to be 1.56 eV by transforming the plots of absorp-
tion spectra. The measured flat band potential of Fe(ir)-MOF/g-
C;3;N, was obtained to be —1.11 eV vs. RHE by fitting the Mott-
Schottky plots in Fig. 6(c). As shown in Fig. 6(e), the valence
band (VB) XPS spectra of Fe(i1)-MOF/g-C3;N, were recorded and
their VB was calculated to be 0.51 eV. Furthermore, the con-
duction band (CB) positions of samples were calculated to
be —1.05 eV vs. RHE based on the Ecg = Eyg — Eg.>"*°

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In conclusion, as the composite rate of photo charged holes
could be effectively suppressed, the photocarrier life could be
extended, and the photoelectron could be effectively trans-
ferred to produce active free radicals, which could be applied
for the photocatalytic benzene hydroxylation reaction.
Generally, the photocatalytic activity was reflected by the
photocurrent intensity, the better photocatalytic activity usually
resulted by the higher photocurrent intensity.”® Therefore, the
separation efficiency of photoinduced charges in the photo-
chemical reactions was characterized by the technique of the
transient photocurrent measurement. As shown in Fig. 6(d), the
composite Fe(i)-MOF/g-C;N, possessed a distinctly higher photo-
current density than UiO-66-NH, under the same conditions.
This result revealed that the recombination of photogenerated
carriers was inhibited after it was compounded with g-C3;N,.

Photocatalytic mechanism

Free radical capture detects the active substance. The main
active substances involved in the photocatalytic benzene hydro-
xylation process are h*, e”, and -OH.”” In order to clarify the
mechanism of the Fe()}-MOF/g-C;N, material in the process of
benzene hydroxylation to produce phenol, the active substance
that played a major role in the reaction were determined by free
radical trapping experiments under the optimal conditions.
Isopropanol (IPA), potassium dichromate and disodium ethy-
lenediaminetetraacetate (EDTA-2Na) were employed as scaven-
gers of hydroxyl radical (-OH), electron (e”) and hole (h"),
respectively. As shown in Fig. 7, it was obvious that the addition
of three capture agents all had an effect on the yield of phenol,
and the addition of IPA greatly inhibited the photocatalytic
process. This indicated that the phenol production process was
mainly driven by the participation of hydroxyl radicals.

Basic reaction mechanism

According to the reported work and the experimental results, a
possible photocatalytic mechanism of benzene hydroxylation to
phenol was proposed in Fig. 8. In this process, visible light
irradiation promotes the generation of the intermediate free
radicals, contributing to the catalytic performance, and then,
Fe(un)-MOF/g-C3N, reacts with H,0, to produce -OH based on
the Fenton reaction. And H,0, can also be trapped by Fe*' on
the surface of the catalyst, forming Fe** and completing the
cycle of Fe**/Fe®". And the generated OH ™~ could be oxidized by
h* to -OH. Finally, the produced -OH can attack the benzene
molecules to form hydroxyl cyclohexadienyl radical. After losing
a proton, phenol was generated.”®

Fe(IT)-system —% h* + e~
Fe(u)-system + H,O, — Fe(m)-system + -OH + OH~
Fe(m)-system + H,0, — Fe(u)-system + -O,H + H"

OH +h' —» -OH

CgHg + -OH + h' > C¢HO + H'

Mater. Adv., 2023, 4, 2999-3009 | 3005


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00235g

Open Access Article. Published on 14 June 2023. Downloaded on 11/24/2025 5:53:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

o

2000
254
204
~ 1500+ ls-\/\
=
i o]
E 5'\-\__—______
= 1000- )
§ 400 420 40 460 480 500
E Fe(ll)-MOF/g-C N,
500 Fe(II)-MOF

g-C3N4

0
T v T ¥ T v T T T T T
400 450 500 550 600 650 700
Wavelength(nm)
C T —CN,
Fe(II)-MOF
1.5

o
1

1/C%(10%cm™*F?)

&
<]
1

Fe(II)-MOF/g-C,N,
’

Potential (V) vs.Ag/AgCl

n
-2.0 -1.5 =1:0 -0.5 0.0

View Article Online

Materials Advances

b 1600
—=— Fe(Il)-MOF
1400| —*—g-CN,
—— i _
1200 Fe(I)-MOF/g-C,N,
E 1000
=
=
= 800
N
600
400
200
0 . T T T T T y T T
0 100 200 300 400 500
Z' (ohm)
d
—— g-C,N,—— Fe(Il -MOF—— Fe(Il )-MOF/g-C N,
T 25
(&)
<
=
> 20
7
c
(]
©
‘S 1.5
5
O
1.0
T T T T T
0 20 40 60 80 100
Times(s)
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diagram (c) of Fe()-MOF and Fe(i)-MOF/g-C3sN,4. Reaction conditions: catalyst (20 mg), benzene (1.6 mL, 18.05 mmol), H,O, (30 wt%) (0.6 mL),
acetonitrile: 11 mL, trifluoroacetic acid: 0.1 g, t =4 hand T = 333 K.

Conversion of benzene (%)

T
No scavenger IPA EDTA-2Na
Trapping agent

Fig. 7 Free-radical trapping experiments.

Conclusions

9.6

K,Cr,0,

In summary, Fe(n)-MOF/g-C;N, was successfully prepared by
the recombination of the Fe(u)-MOF and g-C3N, via an in situ
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Fig. 8 Schematic diagram of the photocatalytic mechanism.

composite technique. The catalyst could achieve direct hydro-
xylation of benzene under optimal conditions, with a yield and
selectivity of 16.4% and 98.9%, respectively. The catalyst could
still maintain high photocatalytic activity after 5 cycles. There-
fore, due to the efficient catalytic activity and regeneration

© 2023 The Author(s). Published by the Royal Society of Chemistry
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performance, the heterogeneous photocatalyst Fe(u)-MOF/g-
C;N, showed great potential in the field of benzene hydroxyla-
tion to phenol and provided new enlightenment for this field.
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