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Polyoxometalate-modified reduced graphene
oxide foam as a monolith reactor for efficient flow
catalysis of epoxide ring-opening reactionst

Xiaoting Jing, Zhen Li, Weijie Geng, Hongjin Lv, ©* Yingnan Chi@® *
and Changwen Hu

Continuous flow catalysis has been attracting significant interest due to its remarkable advantages over
traditional batch reactions. In this work, a facile and broad-spectrum hydrothermal approach has been
developed to construct polyoxometalate-modified reduced graphene oxide (POM@rGO) foam, which
worked as a monolith reactor for efficient continuous flow catalysis of epoxide ring-opening reactions.
The porous structures of rGO foam allow the high dispersion of the POM catalyst onto the substrate
through electrostatic interactions. Specifically, a phosphotungstic acid (HzPW;,049, denoted as PWg;)-
modified rGO (PW1,@rGO) monolith reactor exhibits remarkable catalytic activity and durability towards
epoxide ring-opening reactions with alcohols, achieving 99% conversion and 92% selectivity for the
methanolysis product in 10 min under ambient conditions without stirring. Notably, while coupling with
a micro-injection pump, such PW;,@rGO foam can work as an efficient continuous flow reactor towards
methanolysis of styrene oxide for 38 h with 99% conversion and over 90% selectivity, reaching
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Introduction

Continuous flow catalysis has received increasing attention
as an ideal catalytic system for chemical synthesis in recent
years.'”® Compared to traditional batch reactions, continuous
flow synthesis exhibits unique advantages of high efficiency,
easy operation, and feasibility for scale-up production.®®
Generally, in a flow reactor, the catalyst is immobilized onto
a porous support. When the reaction solution flows through
the reactor, a small amount of substrate can closely interact
with an “excess” catalyst, thereby leading to an improved
catalytic efficiency accordingly. Moreover, mechanical stir-
ring and time-consuming separation steps (such as centri-
fugation and filtration) are not required in continuous flow
catalysis and catalysts can be regenerated by simple rinsing
with solvent. Monolith reactors,” powder-packed reactors,"
and membrane-based reactors'™'* are three types of widely
investigated flow reactors. However, the tight packing of
powder catalysts in flow reactors often leads to the decrease
of flow rate as well as the increase of column pressure.
Although mixing powder catalysts with inert fillers can
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a turnover number (TON) as high as 28 044.

reduce the column pressure, organic substrates cannot have
effective access to the immobilized catalytic active sites.
Therefore, the development of porous monolith-type flow
reactors with high contact efficiency, favorable mass transfer,
and excellent thermal stability is an interesting area to
explore; the effective assembly of catalysts with monolithic
materials remains still a substantial challenge for the fabri-
cation of monolith-type flow reactors.

Polyoxometalates (POMs) represent a class of nano-sized
metal-oxide polyoxoanion clusters, which are usually
composed of corner- and edge-sharing {MO,} polyhedra (M =
Mo, W, V, Nb, and Ta)."*** Due to their structural diversity and
tunable physicochemical properties (such as Brgnsted acidity,
the composition, reversible proton and electron storage, rich
redox chemistry, etc.), POMs exhibit remarkable -catalytic
activity in a series of chemical transformations.”*” Compared
to traditional inorganic acids (e.g. H,SO,, HNO;, and HCI),
POMs, as one special type of solid polyacid, are much less
corrosive and exhibit rich Brensted acidity that can be precisely
adjusted by varying their electronic structures and chemical
compositions." Given the high adjustability and good solubility
of POMs in various solvents, POM-based catalysts are often used
in homogeneous catalysis, facing the difficulty of recyclability or
reusability.” To solve this problem and meet the concept of
green chemistry, a number of heterogenized POM catalysts have
been synthesized through immobilization onto suitable
supports including carbons,'®*® zirconia,* silica,” MCM-41,>
and metal-organic frameworks.>*¢ Although these supported-

This journal is © The Royal Society of Chemistry 2021
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POMs have been widely used in catalyzing organic reactions,
most of them are used as heterogeneous powder catalysts in
traditional batch reactions. In contrast, few examples have been
reported in constructing POM-containing flow reactors for
chemical synthesis. For example, phosphotungstic acid was
immobilized on hierarchically porous silica with the help of
a pyrogallol layer and such monolithic catalysts used as flow
reactors can promote the esterification reaction.”” The mixture
of polymer immobilized POM ionic liquids and silica was used
to catalyze the oxidation of sulfides under continuous flow
conditions.”® However, the major concerns of the above-
mentioned two examples are the leaching of POM catalysts
during the reaction due to the weak interaction between the
silica supports and POM catalysts, resulting in a decrease of
catalytic performance with prolonged reaction time. Therefore,
the development of appropriate porous supports to fabricate
robust and efficient POM-based monolith flow reactors is of
scientific significance.

As an interesting two-dimensional (2D) material,
graphene-derived composites have been extensively studied
especially in the fields of functional devices, chemical and
biological sensors, and energy-storage materials.”?*** In
addition, given its high surface area, good thermal/chemical
stability and attractive adjustability, graphene has also been
reported as a suitable support to immobilize POM cata-
lysts.***” Recently, our group reported the construction of
a compressible monolithic POM®@GF reactor through the
assembly of POM catalysts with elastic graphene foam, which
exhibits high catalytic activity for biodiesel production.*®
Nevertheless, the approach used to construct such mono-
lithic POM@GF catalysts was a bit complicated and time-
consuming, which greatly prompts us to explore more facile
and practical synthetic approaches for monolith reactor
construction. Inspired by the pioneering work on the prepa-
ration of a three-dimensional (3D) graphene hydrogel from
Shi's group,*® the resulting 3D graphene hydrogel exhibits
a well-defined and interconnected 3D porous network, good
mechanical strength, and thermal stability, thereby working
as a potentially excellent support to fabricate POM-based
monolith reactors for continuous flow catalysis.

Herein, we report for the first time the construction of POM-
containing monolithic reactors by assembling POM catalysts
with 3D reduced graphene oxide (POM@rGO) foam under facile
hydrothermal conditions. The resulting POM@rGO foam was
systematically characterized using various techniques, revealing
that the POM clusters are highly dispersed on surface of rGO
foam through electrostatic interactions. Due to strong Bregnsted
acidity, a phosphotungstic acid (H3PW;,0,,, denoted as PWy,)-
modified rGO (PW,;,@rGO) monolith reactor exhibits remark-
able catalytic activity and durability towards epoxide ring-
opening reactions with alcohols, obtaining a 99% conversion
of styrene oxide in 10 min at a selectivity of 92% for the meth-
anolysis product. More importantly, such PW;,@rGO foam can
work as an efficient continuous flow reactor towards meth-
anolysis of styrene oxide for 38 h with 99% conversion and over
90% selectivity, reaching a turnover number (TON) as high as
28 044.
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Experimental
Materials and methods

Styrene oxide (98%) was purchased from Meryer (Shanghai)
Chemical Technology Co., Ltd. Pristine graphite powders (325
mesh), phosphotungstic acid (99%, PW,,), phosphomolybdic
acid (98%, PMo,,) and silicotungstic acid (99%, SiW;,) were
purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. 2-Methoxy-2-phenylethanol (98%), 2-ethyloxirane (>99%),
2-methoxybutan-1-ol (97%), 2-(chloromethyl)oxirane (99%), 1-
chloro-3-methoxypropan-2-ol (99%), 2-(butoxymethyl)oxirane
(>98%), 2-phenyl-2-propoxyethanol (99%) and 1-butoxy-3-
methoxypropan-2-ol (98%) were purchased from Shanghai
Macklin Biochemical Co., Ltd. Biphenyl (=99%) and naphtha-
lene (99%) was purchased from Alfa Aesar China (Tianjin) Co.,
Ltd. Hydrochloric acid (75%), potassium permanganate
(99.5%), sulfuric acid (95-98%), sodium nitrate (99%),
hydrogen peroxide (30 wt% in H,0), methanol (=99.5%),
ethanol (=99%), n-propanol (99%) and i-propanol (=99.7%)
were supplied by Sinopharm Chemical Reagent Co., Ltd. All
reagents and solvents were used as received without further
purification.

The scanning electron microscope (SEM) images of the
samples were obtained on a high-resolution scanning electron
microscope FEI Quanta 400 FEG ESEM. Transmission electron
microscope (TEM) images were recorded on an FEI Tecnai T12
with an acceleration voltage of 120 kV. Fourier transform
infrared (FT-IR) spectra were recorded on a JASCO 6300D
instrument by the KBr pellet method. X-ray powder diffraction
(XRD) patterns were collected on a Bruker instrument (D8
Venture) using graphite-monochromatized Cu Ka. (1 = 1.5406 A)
radiation. The Raman spectra were recorded on an SNFT-
SRLab1000 Raman microscope. The Brunauer-Emmett-Teller
(BET) specific surface areas were measured using a Micro-
metrics ASAP 2000 instrument using nitrogen adsorption-
desorption isotherms at 77 K. Pore size distributions were
estimated using the Barrett-Joyner-Halenda (BJH) method. X-
ray photoelectron spectroscopy (XPS) measurements were
carried out on Thermo ESCALAB 250Xi with a mono-
chromatized Al-Ka X-ray source (1486.6 eV). UV-vis spectra were
recorded on UV-2600. Inductively coupled plasma atomic
emission spectrometry (ICP-AES) measurements were per-
formed on a Thermo Scientific iCAPQ. The epoxide ring-
opening reaction was monitored using a gas chromatograph
(Shimadzu GC-2014C) equipped with a flame ionization
detector (FID) and a HP-5 ms capillary column.

The acidity measurements of the samples

The acidic strength and acidity of the samples were tested by
temperature programmed desorption of ammonia (NH;-TPD)
using a PCA-1200. Initially, 11 mg of PW,,@rGO was dried at
150 °C for 30 min under an Ar flow. Then, at a flow rate of 30
mL min ", the sample was flushed with NH, at 80 °C for 30 min.
After removing physically adsorbed NH; by flowing Ar at 80 °C
for 30 min, the chemically adsorbed ammonia was determined
by using a thermal conductivity detector (TCD) under the
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condition of heating at 10 °C min™" up to 300 °C and then it was
kept for 60 min. The total acidity of the solid samples was
further measured by the potentiometric titration method that
could estimate the strength and the total number of acid sites of
the solids.>** In typical measurements, the sample (0.1 g) was
uniformly dispersed in 6 mL acetonitrile (Merck), and agitated
for 2 h under ultrasonication. Subsequently, the suspension was
titrated with 0.05 mol L™" n-butylamine (Merck) in acetonitrile,
which is added using a micro-injection pump at a rate of 0.05
mL min . The electrode potential variation was measured with
an OHAUS ST3100 digital PH meter under potential mode.

Synthesis of graphene oxide

Graphene oxide (GO) was prepared by oxidation of graphene
powder (325 mesh) according to modified Hummers' method.*
Generally, graphite (9.0 g) and sodium nitrate (4.5 g) were added
into concentrated sulfuric acid (210 mL) under stirring and the
solution was kept in an ice water bath for 2 h. Then, potassium
permanganate (27 g) was slowly added and the temperature of the
system was maintained at lower than 20 °C. After that, the mixture
was transferred to a water bath of 35-40 °C for 0.5 h, generating
thick paste. Subsequently, 420 mL of deionized water was added.
After stirring at 80 °C for 20 min at 80 °C, additional 1000 mL of
water was added. To complete the oxidation, 60 mL of H,O, (30%)
was slowly added to the above solution and the color of the solu-
tion turns from brown to yellow. The mixture was filtered to obtain
a yellow precipitate which was further washed with deionized
water, 1 : 1 HCI aqueous solution and 1 : 9 HCI aqueous solution,
respectively, to remove the residual metal ions. The resulting solid
was dispersed in water by sonication for 1 h to prepare a GO
aqueous dispersion. The resulting brown dispersion was then
centrifuged at 4000 rpm for 1 h and centrifuged at 10 000 rpm for
another 1 h to remove any aggregates. Finally, GO was further
purified by dialysis for a week.

The preparation of POM@rGO foam

10 mL of graphene oxide (GO) aqueous dispersion (2 mg mL™") and
three kinds of POM H3;PW;,0,4 (PW;,), H3SiW;,040 (SiW;,), and
H3PMo0,,04 (PMo;,) (0.07 mmol) were mixed and sealed in
a Teflon-lined autoclave, which was heated at 180 °C for 12 h. After
cooling to room temperature, the obtained POM@rGO block was
taken out from the autoclave and then soaked in fresh distilled
water for 3 days to remove any unsupported POM anions. The wet
POM@rGO was transferred to a vessel and placed in liquid
nitrogen. Then the vessel was placed in a freeze dryer for 3 days to
obtain the dry sample of POM@rGO foam. The amount of PWj,
loading was quantified using ICP-AES analyses. The experimental
results reveal that 2.3 wt%, 3.6 wt%, and 4.7 wt% PW;,@GF
monolith reactors (diameter: 10 mm, height: 10 mm, 20 mg)
contain approximately 0.00016, 0.00025, and 0.00033 mmol PWj,
species, respectively.

Epoxide ring-opening reactions catalyzed by the POM@rGO
monolith reactor

A glass pipette (inner diameter: 5 mm) was used to make a glass
column reactor by sealing its bottom part with a piece of cotton.
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Such a glass column was packed with the small pieces of
PW,,@rGO foam (0.25 g 4.7 wt%, corresponding to around
0.004 mmol PW,, active species). In a typical continuous flow
catalysis, methanol solution containing styrene oxide (0.5 mmol
mL ") and biphenyl (0.3 mmol mL™") was pumped into the
packed glass column using a micro-injection pump (LSP02-1B)
at a flow rate of 0.1 mL min~'. The reaction solution passing
through the reactor after catalysis was collected in separated
vials as 1 mL aliquots and further analyzed and quantified by
GC-FID at various time intervals.

Results and discussion
Synthesis and characterization of POM@rGO foam

Scheme 1 illustrates the general procedure of the construction
of polyoxometalate-modified reduced graphene oxide
(POM@rGO) foam using such a facile and broad-spectrum
hydrothermal approach and subsequent continuous flow
catalysis using the POM@rGO monolith reactor. This reported
facile hydrothermal approach is applicable to fabricate
POM@rGO foam using three Keggin-type POMs with different
Bronsted acidities, PW;,, SiW,,, and PMo,,. The detailed
experimental procedures were introduced in above Section 2.3;
in the final step the wet sample was freeze-dried for three days
to obtain the dry POM@rGO composites (Fig. S11), which were
further characterized by the powder XRD technique (Fig. S27).
The amount of loaded POM catalysts in the POM@rGO
composite can be easily adjusted by changing the concentration
of POM used in the hydrothermal reaction. As a representative
example, the PW;,@rGO foam was systematically discussed in
the following characterization.

The SEM image in Fig. 1c shows that GF has a well-defined
and interconnected 3D porous network with a pore size of the
network at the micro and sub-microscales, and the porous
structures are formed through the stacking of graphene sheets
(Fig. 1a). As shown in Fig. 1b, the sheet structure of graphene is
maintained after the introduction of POMs, and the deposited
POM clusters (the dark spots in Fig. 1b) are highly dispersed on
the graphene sheets. In addition, the dispersion of POM on the
graphene sheet layer is further confirmed by EDS and elemental
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Scheme 1 Schematic illustration of the construction of POM@rGO
foam and subsequent continuous flow catalysis using the POM@rGO
monolith reactor.
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Fig. 1 (a) TEM image of rGO; (b) TEM images of PW;,@rGO; (c) SEM
images of rGO; (d) EDS elemental mapping of the PW;,@rGO
monolith.

mapping measurements (Fig. 1d and S37). The XRD patterns of
PW,,, rGO, and PW;,@rGO are shown in Fig. S2.7 The charac-
teristic diffraction peak of graphene oxide (GO) at 26 = 11.6°
completely disappeared in PW;,@rGO revealing that GO is
partially reduced under the hydrothermal conditions.?” There
are no diffraction peaks of Keggin-type PW,, crystals in the XRD
pattern of PW,,@rGO, indicating that the polyanions are highly
dispersed on the rGO support, which is consistent with the
result of TEM measurements.

Fig. 2 shows the FT-IR spectra of PW;,, rGO, and PW;,@rGO.
Three characteristic peaks at 1738 cm ™" (C=0), 1587 cm ™' (C=
C) and 1246 cm ' (C-O-C) belong to the characteristic
absorption bands of rGO.*®* The Keggin-type PW,, cluster
exhibits four characteristic peaks at 1077 em™ ' for P-0, (a:
central PO, tetrahedron oxygen atoms), 977 cm™ ' for W=0 (d:
terminal oxygen atoms), 903 ¢cm ' for W-Op,-W (b: corner-
shared oxygen atoms), and 789 cm ' for W-OW (c: edge-
shared oxygen atoms), respectively.** The existence of POM
characteristic absorption in the FT-IR spectrum of PW;,@rGO
further confirms the successful immobilization of PW,,.
Notably, compared to the IR spectrum of the PW,, precursor,
the vibration peak of W-O.-W in PW;,@rGO shows an obvious

Transmittance (a.u.)

1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Fig. 2 FT-IR spectra of PWy,, rGO, and PW,@rGO.
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Fig. 3 Raman spectra of rGO and PW;,@rGO.

blue shift from 789 cm™" to 832 em ™", indicating the strong
interactions between PW;, and the rGO support. According to
our previous investigation, the blue shift of the W-O.-W
vibration in the composite might be related to the electrostatic
interaction through the protons located on O. atoms.*

Fig. 3 shows the characteristic vibrations of the D-band at
1345 cm ™ 'and the G-band at 1586 cm ™' in the Raman spectra of
rGO and PW,;,@rGO. The G-band signal is attributed to the
planar sp” carbon and the D-band corresponds to the defects on
graphene sheets.*” Both the D/G band positions of PW,;,@rGO
and the intensity ratio of the D and G bands (Ip/ I;) are similar
to those of pristine rGO. The fact shows that the rGO structure is
not greatly affected after the incorporation of POM. In addition,
the N, adsorption-desorption isotherms of GF and PW;,@rGO
are shown in Fig. 4. Both rGO and PW;,@rGO exhibit the type
IV isotherm pattern with a H3 hysteresis loop, suggesting the
mesoporous structures in these two materials. The BET surface
area of the PW;,@rGO composite is 103.48 m> g~ ', which is
significantly decreased compared to that of rGO (849.17 m>
g~ "). In addition, the pore size distribution of PW;,@rGO is also
different from that of rGO (Fig. S41). The decrease of the specific
surface area and the change of the pore size distribution reveal
that PW,, is successfully immobilized in the composite.

To confirm the elemental compositions and their oxidation
states, XPS measurements were performed. As shown in Fig. 5a,
characteristic peaks of W and P appear at 36.25 eV and
134.65 €V, respectively, indicating the successful immobiliza-
tion of the PW;, catalyst. The C1s peaks could be deconvoluted
with four contributions, corresponding to C-C (284.8 eV), C-O
(286.3 eV), C=0 (287.3 eV), and O-C=0 (289.1 eV), respec-
tively.** The partial reduction of the starting material GO to
reduced graphene oxide (rGO) during the hydrothermal process
can be confirmed by the C1s high-resolution XPS spectra
(Fig. 5b and c). It is obvious that the peak intensity of C-O in
rGO is dramatically lower than that in GO (Fig. 5b-d). After
immobilization of PW,;, on the rGO support, the high-
resolution XPS spectrum of C1s did not change, indicating
that the introduction of POM did not change the structure of the
support (Fig. 5d). In the XPS W4f spectrum of PW,;,@rGO
(Fig. 5f), the peaks at binding energies of 36.0 eV (W 4f;/,) and

J. Mater. Chem. A, 2021, 9, 8480-8488 | 8483
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Fig. 5 XPS spectra: (a) survey spectra; Cls spectra of (b) GO, (c) rGO
and (d) PW1,@rGO; XPS W4f spectra of (e) PW, and (f) PW,@rGO.

38.1 eV (W 4f;);,) confirm the +6 oxidation state of W in the
composite.** Due to the strong electrostatic interaction between
POM and the rGO support, electron density around W centers
slightly increases, leading to a minor decrease of the Waf
binding energy (0.3 eV) in PW,,@rGO compared to that of the
pristine PWy, cluster (Fig. 5e).

Epoxide ring-opening reactions catalyzed by the PW;,@rGO
monolith reactor

Epoxides are a type of versatile building block in organic
synthesis, which can react with a variety of nucleophiles (such
as alcohols, amines, and thiols) to obtain a broad range of
commodity and fine chemicals.”” Ring-opening reactions
between epoxides and alcohols is a useful route to produce p-
alkoxy alcohols that are common organic solvents and impor-
tant intermediates for the production of valuable chemicals.****
In general, this reaction can be accelerated by acidic and basic
catalysts.*> Until now, several kinds of heterogeneous catalysts
have been developed for the epoxide ring-opening reaction.****
However, continuous flow reactors which can catalyze the
epoxide ring-opening reaction under ambient conditions
remains rarely reported.

In this work, the epoxide ring-opening reaction of styrene
oxide with methanol was selected as a model reaction to eval-
uate the catalytic activity of POM@rGO as a monolith reactor.
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Fig. 6 (a) The epoxide ring-opening reaction of styrene oxide with
methanol; (b) catalytic activity of three different POM@rGO monolithic
catalysts; (c) effect of PWj, loading amount on the conversion and
selectivity of the epoxide ring-open reaction; (d) effect of the molar
ratio of styrene oxide to methanol on the epoxide ring-open reaction;
(e) the epoxide ring-opening reaction using different catalysts.

Generally, the ring-opening reaction of styrene oxide with
methanol produces two products: 2a and 3a (Fig. 6a). For
a typical reaction, styrene oxide (0.5 mmol) and biphenyl
(internal standard, 0.3 mmol) were dissolved in methanol (1
mL) and then the reaction solution was absorbed by a block of
POM@®@rGO (diameter: 1 c¢cm, height: 1 cm, mass: 20 mg, con-
taining 0.00033 mmol PW,, species). As mentioned above, three
different Keggin-type POM-modified rGO foams (PMo,;,@rGO,
PW,;,@rGO and SiW;,@rGO) have been successfully prepared
and characterized (Fig. S51). Experimental results show that all
three POM®@rGO monolithic catalysts can catalyze the epoxide
ring-opening reaction at room temperature without stirring
(Fig. 6b). Among them, PW;,@rGO exhibits the best perfor-
mance, reaching a 99% conversion of the substrate in 10 min
with a selectivity of 92% for product 2a. It can be concluded that
both the conversion and selectivity increase with the Brgnsted
acid strength of POMs, following an order of PW;,@rGO >
SiW,@rGO > PMo;,@rGO. Therefore, PW,,@rGO was
systematically investigated in the following epoxide ring-
opening reactions.

To explore the optimal reaction conditions, the loading
amount of the POM catalyst and the ratio of the substrate to
methanol were systematically investigated. As shown in Fig. 6c,
the conversion of styrene oxide significantly increases from 62%
to 99% with the increase of PW,, loading with the selectivity for
2a remaining basically unchanged. In this reaction, methanol
acts as both solvent and reactant, and the catalytic activity of the
ring-opening reaction shows a significant dependence on the
ratio of styrene oxide to methanol. As shown in Fig. 6d, when
the molar ratio of styrene oxide to methanol changes from
1:10, 1:20 to 1:50, the conversion of styrene oxide is

This journal is © The Royal Society of Chemistry 2021
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obviously increased from 66% to 99%, resulting in an improved
selectivity for product 2a accordingly.

To investigate the catalytic active center in PW;,@rGO,
several control experiments were performed under the optimal
reaction conditions. As shown in Fig. 6e, only 7% of styrene
oxide was converted in the absence of the PW,, catalyst; simply
using the rGO support as the catalyst led to a similar percentage
of conversion but slightly improved selectivity. Using PW,, as
a homogeneous catalyst can convert 94% of the substrate in
10 min with high selectivity for product 2a (95%). Based on
these results, we can conclude that the immobilized PW;,
clusters are the dominant active centers in the monolith
reactor, and the Bronsted acidity of PW;,@rGO plays an
important role during the reaction. To substantiate our
conclusion, NH;-TPD measurements for PW;,@rGO were per-
formed. As shown in Fig. S6, the absorption peaks at 128 °C
and 282 °C correspond to weak acid sites and the mediate
strong acid sites of PW;,@rGO, respectively. The total acidity
capacity of PW;,@rGO is calculated to be 2.1 mmol g~ ". The
total acidic sites and the strength of the PW;,@rGO composites
were further characterized and quantified by the potentiometric
titration method. Experimental results revealed that the
immobilization of PW;, onto the rGO support could greatly
enhance the Bronsted acidity of the composite (Fig. S7 and
Table S17). The initial electrode potential (E; in mV) values of all
three PW;,@rGO composites with different PW;, loadings were
calculated in the range of 499-566 mV (Fig. S7 and Table S1})
while the rGO support exhibits an E; value of 59 mV, indicating
the introduction of very strong acidic sites upon PW,, loading.
Also, the number of acidic sites and the acidic strength
increased accordingly with the increase of the amount of PW;,
loading, which were consistent with the order of their catalytic
activity towards the ring-opening reaction of styrene oxide with
methanol (Fig. 6c). Therefore, the excellent catalytic perfor-
mance of PW;,@rGO might be attributed to the following two
reasons: (1) POM clusters are highly dispersed on the support
(Fig. 1b), thereby exposing more Brensted acidic sites of
PW,;,@rGO foam; (2) the lipophilic surface of the rGO support
can greatly facilitate the contact of the hydrophobic organic
substrate with hydrophilic POM centers.

To confirm the heterogeneity of the PW;,@rGO reactor, the
following experiments were performed. After the catalytic reaction,
the catalytic reaction solution was separated, to which additional
styrene oxide was added. At a similar reaction time, negligible
conversion of styrene oxide was detected, that is comparable to
that of the blank control test. The stable immobilization of POM
on rGO foam was also checked by the leaching test. For a typical
experiment, a block of the PW;,@rGO monolith was soaked in
methanol for 72 h and no characteristic absorption peak of PW,,
in the solution was detected by UV-Vis spectroscopy (Fig. S8at).
Also, the FT-IR spectra of the reactor remained unchanged before
and after immersion in methanol for 72 h (Fig. S8bt). These results
further confirmed the stable immobilization of PW;, on rGO
support.

In addition, the recyclability of the PW;,@rGO monolith
reactor was also evaluated. As shown in Fig. 7a, three blocks of

similar PW;,@rGO monolith reactors were placed in
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Fig. 7 (a) The digital image of the fixed bed batch reactor of
PW,@rGO monolithic catalysts; (b) recycle test for the epoxide ring-
opening reaction using PW;,@rGO as the batch reactor. Reaction
conditions: three blocks of the PW;,@rGO monolithic catalyst (60 mg
4.7 wt% PW1,@rGO composite, corresponding to 0.00099 mmol PW;,
species), styrene oxide (1.5 mmol), methanol (3 mL), and biphenyl
(internal standard, 0.9 mmol).

a chromatographic column, and the methanol solution of
styrene oxide was slowly added. The reaction was performed
under ambient conditions for 10 min, and then the reaction
solution was pumped out to finish one catalytic cycle. After each
cycle, the same amount of reaction solution was directly added
to the column to start a new run. Impressively, the PW;,@rGO
monolith reactor can be readily reused without an obvious
change of FT-IR spectra for at least twelve cycles without an
obvious decrease of catalytic activity (Fig. 7b and S97). Also, our
PW,,@rGO composite shows very high catalytic activity towards
epoxide ring-opening of styrene compared to reported repre-
sentative studies, and the TOF value is much higher than that of
other heterogeneous catalysts (Table S2f). In addition, as
a continuous flow monolith reactor, our catalytic system does
not require mechanical stirring or heating during catalysis,
which is very cost-effective and environmentally-benign.

Next, the scope of alcohols was also explored. Four different
alcohols as nucleophiles were used to understand their influ-
ence on the ring-opening reaction (Table 1). The alcoholysis of
styrene oxide with ethanol, n-propanol and i-propanol produces
2-ethoxy-2-phenylethanol, 2-propoxy-2-phenylethanol, and 2-
isopropoxy-2-phenylethanol, respectively (Table 1, entries 1-3).
With the increase of the carbon chain length, the reaction time
to achieve similar conversion of the substrate increased from
10 min for methanol to 1.2 h for n-propanol. This phenomenon
became more obvious when i-propanol with a branched chain
was used; it took 2 h of reaction time to obtain 95% conversion
of styrene oxide (Table 1, entry 3). These results reveal that the
steric hindrance of the alcohol plays a significant role in the
alcoholysis of styrene oxide. Then, we also evaluated the ring-
opening reaction of three additional types of epoxides with
methanol. It is found that such a PW;,@rGO monolith reactor
catalyzes more efficiently the methanolysis of the epoxide with
an electron-donating group than that of the epoxide with an
electron-withdrawing group (Table 1, entries 4-6).

Epoxide ring-opening reactions catalyzed by the PW,,@rGO
monolith flow reactor

The high catalytic performance and excellent recyclability of the
PW;,@rGO reactor prompted us to explore its potential
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Table 1 Ring opening reaction of epoxide and alcohol by PW;,@rGO*
Entry Epoxide Alcohol Product Time (h) Conv.” (%) Sel. (%)
0 o™~ J
1 o Ethanol o Aot 1 96 90
A d d
2 Ph/L\ n-Propanol o on 1.2 97 93
A A
. d
3 - i-Propanol . )O\/ou 2 95 91
2 O/ e
4 NG Methanol L_on 1 98 45
5 0 Methanol oH 24 83° 100
RGFAY ol _h_ocH,
6 Methanol oH 4 94°¢ 51
\/\/o\/& oo Aol

¢ Reaction conditions: epoxide (0.5 mmol), 4.7 wt% PW;,@rGO monolithic catalyst (20 mg, corresponding to 0.00033 mmol PW,, species), alcohol

(1 mL), and room temperature. > Conv. = conversion. ¢ Sel. = selectivity.

application in continuous flow catalysis. The continuous flow
set-up for the ring-opening reaction of styrene oxide with
methanol is shown in Fig. 8a. The blocks of the PW;,@rGO
(0.25 g) monolith was cut into small pieces and packed into
a glass pipette as stated in the experimental part. Methanol
solution containing styrene oxide and biphenyl (internal stan-
dard) was injected into the PW;,@rGO monolith flow reactor
using a micro-injection pump at a flow rate of 0.1 mL min .
During the reaction, the amount of the reaction solution in the
flow reactor remains constant and the product stream was
collected using glass vials as 1 mL aliquots for further quanti-
fication by GC-FID. When the reaction solution flowed through
the PW;,@rGO monolith flow reactor, the main product 2a was
generated in very high yield. Remarkably, such a PW,;,@rGO
monolith flow reactor can continuously work at a high conver-
sion level for 38 h with 99% conversion and over 90% selectivity,
reaching a turnover number (TON) as high as 28 044 (Fig. 8b
and S10t). More importantly, no obvious change can be
observed in the IR spectra before and after the continuous flow
catalysis (Fig. S117}), indicating the robustness and durability of
the PW,;,@rGO monolith flow reactor. It is noted that the
catalytic activity of our continuous flow system slightly
decreased with the prolonged reaction time after 38 h, which

[ Conversion(%) [ Selectivity(%)

5 10 15 20 25 30 35 40
Time (h)

Fig. 8 (a) The digital image of a continuous flow set-up for the

epoxide ring-opening reaction catalyzed by PW;,@rGO (0.25 g

4.7 wt%, corresponding to around 0.004 mmol PW, active species);

(b) PW1,@rGO catalyzed epoxide ring-opening reaction in a contin-

uous flow mode.
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4 Biphenyl as internal standard. ¢ Naphthalene as internal standard.

could be attributed to the attachment of residual products onto
the surface of the PW;,@rGO monolith reactor after several
recycles. Since the rGO support is lipophilic, it is highly possible
for the adsorption of product 2a onto the monolith reactor,;
such speculation has been confirmed by the presence of the FT-
IR signal of product 2a after the catalytic reaction (Fig. S127).
Therefore, to maintain a good catalytic conversion yield and
selectivity, it is better to run the reaction within 38 hours.

Conclusions

In summary, we reported a facile hydrothermal approach to
construct POM@rGO foam as an effective monolith reactor to
catalyze epoxide ring-opening reactions under mild conditions.
The porous 3D structures of rGO foam exhibits a high surface
area allowing the high dispersion of the POM catalyst onto the
substrate through electrostatic interactions. The synthesized
PW;,@rGO monolith reactor can effectively catalyze the epoxide
ring-opening reaction of styrene oxide with methanol, achieving
99% conversion and 92% selectivity for the methanolysis
product in 10 min under ambient conditions without stirring;
such a PW;,@rGO monolith reactor can be readily reused for at
least twelve cycles without an appreciable decrease of catalytic
activity. More importantly, such a PW;,@rGO monolith flow
reactor can continuously work at a high conversion level for 38 h
with 99% conversion and over 90% selectivity, reaching a turn-
over number (TON) as high as 28 044. This present work not
only provides a facile and broad-spectrum hydrothermal
approach for the fabrication of a POM@rGO monolithic cata-
lyst, but also offers new opportunities for the exploration of
practical continuous flow apparatus for efficient catalysis in the
future.
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