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H3PW12O40/mpg-C3N4 as efficient and reusable bifunctional 

catalyst in one-pot oxidation-Knoevenagel condensation tandem 

reaction 

 

Hefang Wang, Cunyue Wang, Yongfang Yang*, Meng Zhao, Yanji Wang* 

 

A single-site bifunctional catalyst for the oxidation-Knoevenagel condensation tandem 

reaction was prepared by the immobilization of phosphotungstic acid (HPW) on mesoporous 

graphitic carbon nitride (mpg-C3N4) via electrostatic interaction (HPW/mpg-C3N4). The results 

of Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction (XRD), solid-state 31P 

nuclear magnetic resonance (solid-state 31P NMR), zeta potentials, X-ray photoelectron 

spectroscopy (XPS) and thermo gravimetric analysis (TGA) demonstrated that HPW was 

successfully immobilized on the protonated mpg-C3N4 by electrostatic interaction. The acid 

amounts of the catalysts were determined by ammonia temperature programmed desorption of 

NH3 (NH3-TPD). The textural and morphology of HPW/mpg-C3N4 were characterized by N2 

adsorption-desorption, scanning electronic micrograph (SEM) and transmission electron 

microscope (TEM). 30%HPW/mpg-C3N4 shows the best catalytic performance in the tandem 

reaction with 98.4% benzyl alcohol conversion and 96.2% selectivity to benzylidene 

malononitrile. The excellent catalytic performance of 30%HPW/mpg-C3N4 in the tandem 

reaction is due to the good catalytic performance of HPW in the oxidation and Knoevenagel 

condensation, respectively. Furthermore, protonated mpg-C3N4 not only acts as support to 

facilitate good dispersion of HPW but also promotes the Knoevenagel condensation reaction 

effectively. Moreover, the HPW/mpg-C3N4 catalyst could be recycled easily without 

significant loss of catalytic activity. 

 

1. Introduction 

The Knoevenagel condensation of aldehydes with 

compounds containing activated methylene groups is a  

 

facile and versatile route to the formation of carbon-

carbon bond with numerous applications in the synthesis 

of fine chemicals as well as heterocyclic compounds of 

biological significance.1,2 Various catalysts, such as 

graphitic carbon nitride,3,4 metal-organic framework 

(MIL-100(Al), UiO-66 and ZIF-8),5,6 polyoxometalate 

intercalated layered double hydroxide composite 

materials,7 amine functionalized K10 montmorillonite,8 

amine-functionalized mesoporous zirconia,9 nanocrystall- 
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ine CexZr1-xO2,
10 showed high catalytic activity towards 

Knoevenagel condensation reactions at mild conditions. 

In general, Knoevenagel condensation reactions are 

promoted not only by base catalysts but also by acid 

catalysts.10 Among these catalysts, the acidic-base 

bifunctional catalysts, such as polyoxometalate 

intercalated layered double hydroxide composite 

materials,7 amine functionalized K10 montmorillonite8 

and nanocrystalline CexZr1-xO2
10 were considerable 

attractive for their high catalytic efficiency. The 

synergistic effect between the acidic and basic sites is 

crucial in the catalytic process.  

Tandem reactions, which enable multistep reactions in 

one pot, increase the economic competitiveness in the 

production of target compounds and the greenness of the 

whole process by reducing capital investment, being 

effective in the minimization of wastes and energy 

consumption and optimizing the use of solvents.11,12 Thus 

one-pot synthesis of benzylidene malononitrile has raised 

extensive interest as an attractive synthetic concept for 

improving overall process efficiency.13,14 Benzylidene 

malononitrile was reported to be obtained by tandem 

deacetalization-Knoevenagel condensation reaction or 

oxidation-Knoevenagel condensation reaction. Several 

acid-base bifunctional catalysts were used in one-pot 

deacetalization-Knoevenagel condensation reaction with 

good yields, which were reported by Shiju,15 Zhong,16 

Lu,17 Xu,18 Goyal,19 Gianotti1 and Zhang20. However, the 

preparation of multifunctional catalysts with both acids 

and bases active sites is complicated, due to the 

incompatible nature of active sites.1 

Recently, Zr-MOF-NH2
21 and NH2-MIL-101(Fe)22 

were used for one-pot sequential photocatalytic aerobic 

oxidation-Knoevenagel condensation reaction by light 

irradiation. However, excess malononitrile was required 

in the reaction, owing to the decrease of reaction rate of 

Knoevenagel condensation under UV-light irradiation. 

Moreover, unstability is one of the major drawbacks of 

MOFs based catalysts.11,23 Furthermore, aerobic 

oxidation-Knoevenagel condensation reaction has been 

also reported by a series of researchers including Qi,24 

Chen,25 Ang,26 Sarmah,27 Horiuchi28 and so on. During 

the aerobic oxidation reaction, noble metals were used as 

catalysts with molecular oxygen as oxidant.  

More recently, Au/NH2-UiO-66 was used as catalyst 

in oxidation-Knoevenagel condensation reaction with 

tert-butyl hydroperoxide (TBHP) as oxidant, whereas 

noble metal Au and a long reaction time (34 h) were 

required.29 Thus, it is urgent to design noble metal-free 

and more efficient catalyst to develop a green and mild 

one-pot oxidation-Knoevenagel condensation reaction 

system. The catalytic oxidation of alcohols with hydrogen 

peroxide as oxidant over heterogeneous catalyst has 

received considerable attention from the viewpoint of 

green chemistry.30,31 Hydrogen peroxide as a green 

oxidant is attractive and competitive for oxidation 

reactions,32 which can provide abundant active oxygen 

species with water as the only byproduct. Hydrogen 

peroxide is much cheaper and safer than organic 

peroxides and peracids.31,33,34  

Polyoxometalates (POMs), especially 

phosphotungstic acid (H3PW12O40, HPW), due to its 

controllable redox and acidic properties, have been used 

as effective catalysts in oxidation35,36 and Knoevenagel 

condensation reaction37,38. However, HPW has low 

specific surface area and usually cannot be recovered for 

its solubility in many polar solvents, causing the difficulty 

in separation and recycling, which limits its 

utilization.39,40 Therefore, it is imperative to develop 

recyclable POMs based catalysts for practical application. 

Various strategies for immobilization of HPW on supports 

have been developed including embedding HPW into 

metal-organic framework,41,42 adsorption on actived 

carbon,43,44 electrostatic attachment to quanternary 

ammonium functionalized chloromethylated polystyrene 

(DMA16/CMPS),45 amine-grafted graphene oxide,46 

exfoliated montmorillonite47 and carbon nitride 

materials,48,49 covalently grafted POM on mesoporous 

hybrid silicas50 and SBA-1551. The most developed and 

widely used technique is electrostatic attachment of HPW 

to positively charged supports.52 More recently, Song 

prepared a series of POM intercalated-layered double 

hydroxides (POM-LDHs) catalysts by facile ion exchange 

method, which showed excellent activity (99%) and 

selectivity (≥ 99%) in oxidation-Knoevenagel 

condensation reactions.53 This is the first case for the 

efficient utilization of POM-LDH as bi-functional 

heterogeneous catalysts for the promotion of tandem rea-
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ctions.  

Graphitic carbon nitride (g-C3N4) is composed of a 

large number of nitrogen with potential base functionality 

(terminal amino groups -NH2 and bridging N atoms -N-). 

Except for large surface area and abundant mesopores, 

mesoporous graphitic carbon nitride (mpg-C3N4) has 

more nitrogen as active sites, which can be as anchors for 

HPW54 and show good catalytic performance in 

Knoevenagel condensations as active sites55,56. 

Herein, HPW was immobilized on protonated mpg-

C3N4 via electrostatic interaction and used as a single-site 

bifunctional heterogeneous catalyst in the oxidation-

Knoevenagel condensation tandem reaction. Due to its 

controllable redox and acidic properties, HPW can 

efficiently catalyze oxidation and Knoevenagel 

condensation reaction. Moreover, mpg-C3N4 not only acts 

as support but also promotes the Knoevenagel 

condensation effectively. HPW/mpg-C3N4 as 

heterogeneous catalysts can be easily recovered and 

reused without obvious deterioration of their structural 

integrity and activity. 

 

2. Experimental  

2.1 Materials  

All the reagents were analytical purity and were used as 

received. Poly(ethyleneglycol)-block-poly(propylene 

glycol)-block-poly(ethylene glycol) (Pluronic P123) was 

purchased from Sigma-Aldrich. Dicyandiamide (DCDA), 

phosphotungstic acid hydrate (H3PW12O40·6H2O), ethyl 

acetate, ethyl cyanocaetate and diethyl malonate were 

obtained from Tianjin Guangfu Fine Chemical Research 

Institute. 30wt% H2O2 and benzyl alcohol were purchased 

from Tianjin Bodi Chemical Co. Ltd. Malononitrile, 

cinnamyl alcohol, 4-methylbenzyl alcohol, 4-

methoxybenzyl alcohol, 4-fluorobenzyl alcohol, 3-

fluorobenzyl alcohol, 2-fluorobenzyl alcohol and 2-

pyridinemethanol were purchased from Energy Chemical 

Co. Ltd. 

 

2.2 Characterization 

Fourier transform infrared spectroscopy (FT-IR) spectra 

were obtained on a Bio-Rad FTS 6000 system using 

diffuse reflectance sampling accessories. Powder X-ray 

diffraction (XRD) patterns were obtained using X-ray 

diffraction (XRD, D/max-2500 with Cu Kα radiation, 

λ=1.5406 Å). Solid-state 31P nuclear magnetic resonance 

was performed on Varian Infinityplus 300. 31P nuclear 

magnetic resonance (31P NMR) was obtained on Avavce 

400. Thermal properties of the composites were measured 

by thermo gravimetric analysis (TGA). The samples were 

heated to 800 °C at a heating rate of 10 °C·min-1 under air 

atmosphere on a SDT Q600. The content of W was 

determined by inductively coupled plasma-atomic 

emission spectrometry (ICP-AES) on Opfima 7300V. The 

morphology of the composites was observed by scanning 

electronic micrograph (SEM, JEOL JSM-5600) and 

transmission electron microscope (TEM, JEM-100CX). 

Brunauer-Emmett-Teller (BET) surface area analysis was 

performed using the nitrogen adsorption isotherms at 77 

K using a Micromeritics Model ASAP 2020 instrument. 

All samples were degassed at 423 K under vacuum for 6 

h. The average pore diameter and pore volume were 

calculated based on the Barrett-Joyner-Halenda (BJH) 

method. Zeta potential measurements were performed 

using the Zetasizer Nano ZS (Malvern Instruments) based 

on the dynamic light-scattering analysis. X-ray 

photoelectron spectroscopy (XPS) measurement was 

performed on PHI-5000 Versaprobe spectrometer 

equipped with a monochromatic Al Kα X-ray source. 

Ammonia temperature programmed desorption of NH3 

(NH3-TPD) measurements were performed on a 

Micromeritics AutoChem 2920 instrument. The sample 

(100 mg) was pretreated at 300 °C in N2 flow (30 mL/min) 

for 2 h and then cooled down to 50 °C. Introducing NH3 

in the sample tube for 30 min, saturated adsorption of 

NH3 on the sample was obtained. Then the physically 

adsorbed NH3 was removed by flushing the sample tube 

with an argon flow. TPD measurements were carried out 

in the range 50-550 °C at a heating rate of 10 °C/min. 

 

2.3 Catalysts preparation 

2.3.1 Preparation of mpg-C3N4. Mpg-C3N4 was 

obtained by self-condensation of DCDA with elimination 

of ammonia according to the previous method.57 In a typi-
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cal synthesis, P123 (7.0 g) as the soft template was firstly 

dissolved in 60 mL of water, and then DCDA (10 g) was 

added into the solution and stirred vigorously for 4 h, and 

subsequently dried at 100 °C in air. Then the mixture was 

transferred into a 50 mL crucible with a cover. The 

crucible was heated stepwise in muffle furnace, first 0.5 h 

at 250 °C, then 0.5 h at 350 °C with a heating rate of 

1.7 °C·min-1. Finally it was heated to 550 °C at a rate of 

3.3 °C·min-1 and kept for 4 h at 550 °C. The mpg-C3N4 

was obtained simultaneously with the remove of soft 

template during the calcination. 

2.3.2 Preparation of HPW/mpg-C3N4. The 

HPW/mpg-C3N4 catalysts were prepared by a method of 

incipient wetness. A typical process was as follows: 1.0 g 

of mpg-C3N4 was added to 5.0 mL of aqueous solution 

containing a certain amount of HPW under vigorous 

stirring at 25 °C for 12 h. The mixture was then dried for 

12 h in a vacuum oven (60 °C, -0.1 MPa). The obtained 

samples are referred to as X wt%HPW/mpg-C3N4 (where 

‘X wt%’ represents the weight of percent of HPW in the 

sample).  

 

2.4 Catalytic one-pot tandem reaction 

The one-pot synthesis of α,β-unsaturated compounds was 

carried out in a 25 mL three-necked round flask equipped 

with a magnetic stirrer and a reflux condenser. In a 

typical run, 3 mmol of benzyl alcohol, 150 mg of catalyst, 

9 mmol of 30% H2O2 and 3 mL of deionized water were 

added into the flask. The mixture was vigorously stirred 

at 90 °C for 3 h. Subsequently, malononitrile (6 mmol) 

was added into the mixture rapidly, and then the reaction 

mixture was further stirred for 4 h at the same 

temperature. The reaction mixture was extracted with 

ethyl acetate and the catalyst was separated by 

centrifugation after reaction. The organic phase was 

analyzed by a SP-3420A gas chromatograph (Beijing 

Beifen-Ruili analytical instrument Co. Ltd) equipped with 

a KB-Wax column (30 m, 0.32 mm id, 0.25 µm film 

thickness) with toluene as internal standard and products 

were confirmed by a Thermo Trace DSQ gas 

chromatograph-mass spectrometer. The recovered 

catalysts were washed with ethanol and deionized water 

and then dried for 12 h in a vacuum oven (60 °C, -0.1 

MPa). The catalysts were reused for the above tandem 

reaction. 
 

3. Results and discussion 

3.1 Catalyst characterization 

3.1.1 Compositional and structural information of 

HPW/mpg-C3N4. The FT-IR spectra of mpg-C3N4, HPW 

and HPW/mpg-C3N4 are shown in Fig. 1. The 

characteristic band of the mpg-C3N4 shows a framework 

band at 806 cm-1, which corresponds to the characteristic 

mode of the triazine units.54,58 The band at 1637 cm-1 is 

associated with C=N stretching vibration mode, and the 

bands at 1245, 1319 and 1403 cm-1 are ascribed to 

aromatic C-N stretching.54,59,60 The band at 3414 cm-1 

may be related to NH stretching mode in the aromatic 

ring.61 The spectrum of the HPW with Keggin structure at 

1079 cm-1 is assigned to the asymmetric vibrations of the 

P-O of tetrahedral PO4, and the bands at 984, 890 and 805 

cm−1 are attributed to the stretching modes of the terminal 

W=O, edge sharing of W-Ob-W and corner sharing of W-

Oc-W units, respectively.40,62-65 These characteristic bands 

of Keggin structure are obviously observed in the FT-IR 

spectrum of HPW/mpg-C3N4. Furthermore, the 

characteristic bands of HPW in the FT-IR spectrum of 

HPW/mpg-C3N4 have a slightly red-shift (1079 to 1075 

cm-1, 890 to 884 cm-1) compared with those of HPW, 

indicating a strong interaction between [PW12O40]
3- and 

mpg-C3N4.
49,63 The results of FT-IR suggest that HPW 

could be immobilized on mpg-C3N4. 

Fig. 2 shows the XRD patterns of mpg-C3N4, bulk g-

C3N4, HPW and HPW/mpg-C3N4 with different HPW 

loading (20-40%). For mpg-C3N4, the strong peak located 

at 27.3° (d = 0.326 nm) is attributed to the interlayer 

stacking (002) peak of aromatic segments of the carbon 

nitride sheets.54,66 An low-angle reflection at 13.2° (d = 

0.670 nm) is connected to the (100) plane,67 which is 

smaller in-planar distance than one tri-s-triazine unit 

(0.713 nm), presumably originated from the in-planar tri-

s-triazine units with a small tilt angularity to the main 

layers.68 However compared with those of g-C3N4, the 

(002) and (100) peaks of the XRD pattern of mpg-C3N4 
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broadened with low intensity, suggesting the effect of the 

geometric confinement in the nanosized pore walls.69 The 

diffraction peaks at 2θ (in degree) = 8-11°, 18-22°, 24-30° 

and 33-40° are characteristic of HPW with Keggin 

structure.70 In the XRD patterns of HPW/mpg-C3N4, the 

intensity of mpg-C3N4 characteristic peak at 27.5° 

gradually weakens and the intensity of the HPW-related 

peak at 26.4° gradually increases with increase loading of 

HPW (20%-40%). The typical peaks of HPW in the XRD 

patterns of HPW/mpg-C3N4 indicated that HPW was 

successfully immobilized onto the mpg-C3N4 and its 

structure was well preserved. 

Fig. 3A shows the solid-state 31P MAS NMR spectra 

of HPW and 30%HPW/mpg-C3N4. The spectrum of HPW 

shows one signal at -15.7 ppm, which is attributed to the 

tetrahedral coordination of PO4 in the Keggin unit.71 For 

the solid-state 31P NMR spectrum of 30%HPW/mpg-

C3N4, a similar signal at -15.5 ppm can be observed, 

indicating that the HPW have been successfully 

immobilized into the mpg-C3N4 and the primary structure 

of HPW is well preserved. The results are consistent with 

the results of FT-IR and XRD. 

In order to investigate the interaction between HPW 

and mpg-C3N4, HPW was substituted by HCl with the 

same molar of H+ to obtain protonated mpg-C3N4 (mpg-

C3N4-H
+) during the preparation of 30%HPW/mpg-C3N4. 

As shown in Fig. 3B and Fig. S1, the zeta potential of 

mpg-C3N4 is -22.0 mV under neutral conditions whereas 

the protonated mpg-C3N4 is -14.8 mV, suggesting partial 

protonation of N (C=N, C-N and C-N(H) of mpg-

C3N4)
72,73. More negative charges on the surfaces of 

HPW/mpg-C3N4 were observed with increase of HPW 

loading from 20% to 40%. This result demonstrated that 

HPW was successfully immobilized by electrostatic 

interaction with mpg-C3N4-H
+.  

XPS were performed to investigate the composition 

and chemical states of the elements in the 

30%HPW/mpg-C3N4 (Fig. 4). The XPS wide scan 

spectrum shows that 30%HPW/mpg-C3N4 is composed of 

P, W, O, C and N. The P 2p spectrum exhibits a broad 

signal peak at about 133.8 eV, indicating the existence of 

P5+ in the oxidation state.66 The W 4f spectrum is 

deconvoluted into two peaks at 35.1 eV (4f5/2) and 37.3 

eV (4f7/2) respectively, which are typically ascribed to W 

in the W-O bond configuration and W6+ in HPW.53,74
  

The C 1s spectrum can be deconvoluted into three 

peaks at 284.4, 285.2 and 288.2 eV, corresponding to the 

pure graphitic sites in the CN matrix (C-C), sp2-bonded to 

N inside the s-triazine units (N=C-N) and sp2 C atoms 

bonded to aliphatic amine in the aromatic rings (N=C(-

N)-N), respectively.75,76 Additionally, the N 1s spectrum 

displays four deconvoluted peaks with binding energies 

of 398.3, 399.9, 401.3 and 403.8 eV, indicating four types 

of N with different bonding states on the surface of mpg-

C3N4. Among them, the three peaks of 398.3, 399.9 and 

401.3 eV are ascribed to the sp2-bonded aromatic N in the 

triazine units (C-N=C), the bridging N bonding to carbon 

atoms (N-(C)3 or C-N(-H)-C) and the terminal amino 

groups (C–NH2) due to incomplete condensation, 

respectively.73,76,77 The peak at 403.8 eV is attributed to 

the positive charge effect in the heterocycles due to a 

small amount of protonated N of mpg-C3N4, which is 

consistent with the results of zeta potentials.72,73,76 The 

results of XPS indicate the structural integrity of HPW 

after the immobilization onto mpg-C3N4 by electrostatic 

interaction, which are in good agreement with the results 

obtained from FT-IR, XRD and solid-state 31P NMR 

spectra.  

Fig. 5 shows the TGA curves of HPW, HPW/mpg-

C3N4 (20%-40%) and mpg-C3N4. The TGA curve of 

HPW shows three weight loss steps. The first weight loss 

(8.3%) between 25 °C and 100 °C is due to the weight 

loss of physically absorbed water. The second weight loss 

(3.3%) between 100 °C and 250 °C is due to the weight 

loss of structural water. The third weight loss (0.7%) up 

to 600 °C results from the loss of acidic protons and the 

decomposition of the Keggin structure.78,79 For mpg-C3N4, 

a weight loss of 7.4% up to 200 °C is due to the removal 

of adsorbed water, and the weight loss of 92.4% between 

500 °C and 730 °C is due to the direct thermal 

decomposition of mpg-C3N4.
80 The TGA curves also 

show that HPW/mpg-C3N4 (20%, 30% and 40%) have 

excellent chemical stability from 25 to 500 °C. According 

to the above results, the actual HPW loading in 

HPW/mpg-C3N4 are about 19.5%, 28.0% and 38.6% 

respectively, which are similar to the corresponding 

theoretical value of 20%, 30% and 40%. Additionally, the 

HPW loading of the catalysts was also determined by 
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analysis of P by ICP-AES. The HPW loading are about 

18.8%, 27.6% and 38.1% respectively, which are similar 

to those of TGA. 

NH3-TPD was performed to investigate the acid 

amounts of HPW, 20%HPW/mpg-C3N4 and 

30%HPW/mpg-C3N4 (Fig. S2). The detailed explanation 

is shown in ESI. 

3.1.2 Morphology and textural property of 

HPW/mpg-C3N4. The N2 adsorption-desorption 

isotherms and the corresponding pore size distribution 

curves (PSD curves) of g-C3N4, mpg-C3N4, 

20%HPW/mpg-C3N4 and 30%HPW/mpg-C3N4 are shown 

in Fig. 6. The N2 adsorption-desorption of mpg-C3N4 

shows a type IV isotherm pattern with a H3 hysteresis 

loop and two capillary condensation steps at a low 

relative pressure and a high relative pressure region 

respectively, which is characteristics of highly ordered 

mesoporous materials with bimodal pores.81 The 

corresponding PSD curve of mpg-C3N4 (Fig. 6 inset) also 

shows that the sample has two distributions with small 

mesopores and large mesopores. The small mesopores 

(the pore distribution centered at 3.89 nm) originate from 

the decomposition of P123 template,61 while the large 

mesopores with a broad distribution (10.0-40.0 nm) may 

be assigned to either the aggregates (loose assemblages) 

of plate-like particles of the carbon nitride61 or the 

coalescence of the mesopores due to the decomposition of 

the lower molecular weight CN polymers during the 

carbonization process82. For bulk g-C3N4, there is also a 

small hysteresis loop starting at p/p0 = 0.8, indicating 

poor porosity of bulk g-C3N4 compared with mpg-C3N4. 

The detailed textural parameters are summarized in Table 

1. Mpg-C3N4 has higher surface area (146 m2·g−1) and 

larger pore volume (0.206 cm3·g−1) than bulk g-C3N4 

(12.2 m2·g−1 and 0.0627 cm3·g−1). This result confirms 

that the introduction of the template favorably generation 

of mesospores. Compared with that of mpg-C3N4 and 

20%HPW/mpg-C3N4, the N2 adsorption-desorption 

isotherm and PSD curve of 30%HPW/mpg-C3N4 have no 

significant changes, however, a slight decrease in BET 

surface area (SBET) and pore volume (Table 1) is observed, 

which is due to partial blockage of the pores by HPW on 

mpg-C3N4.
54 After the impregnation, the average pore 

size of mpg-C3N4 decreases from 9.98 nm to 9.67 nm for 

30%HPW/mpg-C3N4 (9.71 nm for 20%HPW/mpg-C3N4), 

which indicates the mesoporous structure of mpg-C3N4 

can be preserved even after immobilization of HPW. Thus, 

due to its larger surface area and porosity, HPW/mpg-

C3N4 is expected to show good catalytic performance in 

the tandem reaction.  

Fig. 7 shows the morphology of mpg-C3N4 and 

30%HPW/mpg-C3N4. The SEM image of mpg-C3N4 

exhibits the tortile flake-like texture of mpg-C3N4. Fig. 

7B shows SEM image of 30%HPW/mpg-C3N4, in which 

the mpg-C3N4 sheets are shaggy with lots of wrinkles, 

which may be due to that the changes of the morphology 

of mpg-C3N4 by protonation. Furthermore, there is no 

HPW aggregation on the mpg-C3N4 surface. Fig. 7C and 

D show typical TEM images of 30%HPW/mpg-C3N4, in 

which the nanosheet morphology and porous texture are 

clearly observed. However HPW cannot be observed 

obviously in the TEM images of 30%HPW/mpg-C3N4, 

possibly due to HPW in the form of [PW12O40]
3- anion 

immobilized onto mpg-C3N4 and well dispersed on mpg-

C3N4. The similar results was also obtained by Zhu54. 

 

3.2 Catalytic Activity 

HPW/mpg-C3N4 was used as the catalyst for one-pot 

synthesis of benzylidene malononitrile (Scheme 1). The 

tandem reaction involves two separate steps: 1) oxidation 

of benzyl alcohol (A1) to benzaldehyde (B1) with H2O2 

and 2) Knoevenagel condensation between benzaldehyde 

and malononitrile to produce benzylidene malononitrile 

(C1). The oxidations of A1 catalyzed by 30%HPW/mpg-

C3N4 with different molar ratio of H2O2/A1 were 

investigated (Fig. S3). With the increase of the molar 

ratio of H2O2/A1 from 2.0 to 3.0, the conversion of A1 

increased sharply from 48.7% to 98.4%. While the molar 

ratio of H2O2/A1 further increased to 3.5, the conversion 

of A1 almost unchanged, but the selectivity to B1 

decreased obviously. Increase of the amount of H2O2 

enhanced conversion of A1 to B1. However the excess of 

oxidant lead to the deep oxidation with more benzoic acid 

formed. Considering the conversion and selectivity of the 

oxidation reaction, the optimized molar ratio of H2O2/A1 

was 3.0.  
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The first oxidation step could be very important for 

the oxidation-Knoevenagel condensation tandem reaction. 

HPW, mpg-C3N4, 30%HPW/g-C3N4 and 30%HPW/mpg-

C3N4 were used as catalysts in oxidation (Fig. 8A). No B1 

was formed in the presence of mpg-C3N4. The HPW-

containing catalysts (HPW, 30%HPW/g-C3N4 and 

30%HPW/mpg-C3N4) presented high catalytic activities 

for A1 oxidation. High conversion of A1 (98.7%) and low 

selectivity to B1 (74.8%) were obtained over HPW. 

Moreover, HPW completely dissolved in reaction 

medium, leading to difficulty of catalyst recovery and 

recycling. 30%HPW/mpg-C3N4 afforded a selectivity of 

95.8% to B1 with A1 conversion of 98.4%. Compared 

with 30%HPW/mpg-C3N4, 30%HPW/g-C3N4 afforded a 

low selectivity to B1 and low conversion of A1. As 

observed from the N2 adsorption-desorption isotherms 

and PSD carves, the large surface area and porosity for 

mpg-C3N4 can make it more favorable for the dispersion 

of HPW than bulk g-C3N4, which is beneficial to the 

excellent catalytic activity.  

Generally, Knoevenagel condensation reactions are 

promoted not only by base catalysts but also by acid 

catalysts. Due to its redox and acidic properties, HPW as 

a single-site bifunctional catalyst was able to efficiently 

catalyze the A1 oxidation (Fig. 8A) and Knoevenagel 

condensation reaction respectively (Fig. 8B). Furthermore, 

mpg-C3N4 shows excellent catalyst activity with 97.5% 

conversion of B1 and 98.9% selectivity to C1 for the 

Knoevenagel condensation reaction compared with g-

C3N4, which is in agreement with the obtained results by 

Su.56 Moreover, 30%HPW/mpg-C3N4 exhibits a better B1 

conversion (98.6%) and selectivity to C1 (99.4%) than 

that of 30%HPW/g-C3N4. The better Knoevenagel 

condensation activity of 30%HPW/mpg-C3N4 was due to 

the mesoporous structure and abundant nitrogen of mpg-

C3N4, which facilitated good dispersion of HPW and with 

more basic sites for the condensation reaction. Therefore, 

the above results suggest that the HPW/mpg-C3N4 could 

be used as the desired catalyst to combine both oxidation 

and Knoevenagel condensation reaction in a one-pot 

reactor. 

The effects of reaction conditions such as reaction 

time, temperature and catalyst amount were investigated 

(Fig. S4). The optimized reaction conditions are reaction 

time 3+1 h (oxidation for 3 h and Knoevenagel 

condensation for 1 h), temperature at 90 °C and catalyst 

amount of 150 mg. Then under the optimized conditions, 

the one-pot synthesis of C1 over HPW/mpg-C3N4 

catalysts in water was investigated (Fig. 9). As expected, 

HPW was able to catalyze the oxidation-Knoevenagel 

tandem reaction with 96.7% conversion of A1. However, 

the selectivity to C1 was poor with high selectivity to 

benzoic acid (23.7%), which was the over oxidation 

product of A1. 30%HPW/mpg-C3N4 and 40%HPW/mpg-

C3N4 catalysts showed high A1 conversion (98.4% and 

98.8% respectively) compared with that of 

20%HPW/mpg-C3N4 catalyst (80.0%). However, the 

selectivity to C1 decreased over 40%HPW/mpg-C3N4 

compared with that of 30%HPW/mpg-C3N4, which was 

due to the deep oxidation of B1 to benzoic acid over 

excess acidic active sites. The similar results were also 

obtained with A1 oxidation over VO@g-C3N4 catalyst,83 

and epoxidation of cyclohexene over QAPPESK-PMo84. 

30%HPW/mpg-C3N4 showed the best catalytic activity in 

the tandem reaction with 98.4% A1 conversion and 96.2% 

selectivity to C1. The activity of the 30%HPW/g-C3N4 is 

lower than that of the 30%HPW/mpg-C3N4, which is 

consistent with the results of separate A1 oxidation and 

Knoevenagel condensation reaction. This is due to good 

dispersion of HPW and the cooperative effects of HPW 

and mpg-C3N4 for the Knoevenagel condensation. A 

physical mixture of HPW and mpg-C3N4 also promoted 

the tandem reaction, but it was not as efficient as the 

30%HPW/mpg-C3N4 catalyst likely due to increased 

diffusion limitations. The high efficient catalytic 

performance of 30%HPW/mpg-C3N4 in the tandem 

reaction benefits from the good catalytic performance of 

HPW in the oxidation and Knoevenagel condensation 

respectively. Moreover, protonated mpg-C3N4 facilitates 

good dispersion of HPW as support, which also attributes 

to high catalytic performance.  

A possible mechanism for oxidation-Knoevenagel 

tandem reaction of A1 and malononitrile over 

30%HPW/mpg-C3N4 is proposed (Fig. S5). The detailed 

explanation is also included in ESI. 

To describe directly the reaction process, the one-pot 

tandem synthesis of C1 from A1 was carried out at 

different reaction time. As shown in Fig. 10A, the A1 con-
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version and B1 yield gradually increased to the maximum 

values within 3 h. After adding malononitrile into the 

reaction solution, the intermediate B1 yield decreased 

rapidly, whereas the C1 yield increased sharply within 0.5 

h. The results indicate that the one-pot synthesis occurred 

in a consecutive manner, and the oxidation was the rate-

controlling step. The similar results were also obtained 

with Pd/LS-AT-OH- for the aerobic oxidation-

Knoevenagel condensation reaction18. Then the kinetic 

study for A1 conversion over 30%HPW/mpg-C3N4 has 

been shown in Fig. 10B. The A1 conversion and ln(Ct/C0) 

are plotted against reaction time, in which C0 and Ct are 

initial A1 concentration and the concentration at time t, 

respectively. The linear fit of the data indicates that the 

catalytic reaction follows pseudo-first-order kinetics for 

A1 conversion (R2=0.9947). According to the Equations 

(1) and (2), the rate constant k of A1 conversion can be 

determined to be 1.0448 h-1. The similar results were also 

obtained with oxidation-Knoevenagel condensation of 

benzyl alcohol and ethyl cyanoacetate catalyzed by 

polyoxometalate intercalated-layered double hydroxides 

(POM-LDHs)53. 

-dCt/dt = kCt                                 (1) 

ln(Ct/C0) = -kt                                (2) 

In order to test the general applicability and efficiency 

of the 30%HPW/mpg-C3N4, physical mixture of HPW 

and mpg-C3N4, HPW and mpg-C3N4 in the tandem 

reactions with different substrates, various benzyl alcohol 

derivatives (A) and active methylene compounds were 

investigated (Table 2). For 30%HPW/mpg-C3N4, benzyl 

alcohol and cinnamyl alcohol are efficiently converted to 

the corresponding target products (C) with malononitrile 

under the same reaction conditions (Table 2, entries 1 and 

2). Introducing electron donor groups at the para-position 

of the benzyl alcohol has no effect on the high activities 

with appropriate prolonged reaction time (Table 2, entries 

3 and 4). However, when the electron withdrawing group 

substituted at the para-position, the decrease in 

conversion of A is observed (Table 2, entry 5), which 

indicates that the electron withdrawing group impedes the 

oxidation process.24,53 Furthermore, 30%HPW/mpg-C3N4 

has different catalytic performance for aromatic alcohols 

with a fluorine group substituted at ortho-, meta- and 

para-position respectively (Table 2, entries 5-7), which 

can be attributed to the electron withdrawing effect and 

increased steric hindrance. Moreover, the heterocyclic 

alcohol (2-pyridinemethanol) could also be converted to 

corresponding products under the optimal conditions 

(Table 2, entry 8). When the condensation reactant 

malononitrile is substituted by ethyl cyanocaetate or 

diethyl malonate, the yield for C decreases moderately 

(Table 2, entries 9 and 10), which is due to the fact that 

malononitrile is the most active methylene compound 

than other used condensation substrates.18 No C was 

formed in the presence of mpg-C3N4 due to no active sites 

for A oxidation. For various benzyl alcohol derivatives, 

30%HPW/mpg-C3N4 shows good catalyst activity 

compared with that of HPW and physical mixture of 

HPW and mpg-C3N4. Thus 30%HPW/mpg-C3N4 exhibits 

the general applicability and high efficiency for the 

oxidation-Knoevenagel tandem reaction. 

Table 3 summarizes the catalytic performance of 

various catalysts previously reported in one-pot tandem 

synthesis of C1 from A1. 30%HPW/mpg-C3N4 exhibits 

good catalytic activity with H2O2 as oxidant under mild 

reaction condition compared with other previously 

reported catalysts (Table 3, entries 1-8). And 

30%HPW/mpg-C3N4 shows comparative catalytic 

activity compared with Tris-LDH-Zn4(PW9)2 for the 

oxidation-Knoevenagel condensation reaction (Table 3, 

entries 9 and 10). Due to the properties of easy 

preparation, noble metal-free, stability and regeneration, 

30%HPW/mpg-C3N4 is a good and efficient catalyst for 

oxidation-Knoevenagel tandem reaction. 

 

3.3 Catalyst recycling 

An important issue associated with the performance of a 

heterogeneous catalyst is its recovery and reusability. The 

HPW/mpg-C3N4 catalyst could be easily separated by 

centrifugation after reaction. To investigate the 

recyclability of the 30%HPW/mpg-C3N4 catalyst, the 

catalyst was recycled eight times. As summarized in Fig. 

11A, the catalyst exhibits no obvious decline of the 

conversion of benzyl alcohol and the selectivity to 

benzylidene malononitrile during the eighth run. In order 

to confirm that the active species are not the HPW 

leaking from 30%HPW/mpg-C3N4 catalyst in the tandem 
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reaction, hot filtration experiment was carried out. After 1 

h reaction time, the catalyst was filtered, and reaction 

solution was kept on stirring under the same experimental 

conditions. The conversion of benzyl alcohol almost 

remained unchanged during the investigated reaction 

(from 1 h to 4 h) after the hot filtration experiment (Fig. 

11B). Additionally, no P was detected in the filtrate 

according to the 31P NMR data, indicating that the 

catalytic activity originated from 30%HPW/mpg-C3N4 

other than from the dissolved HPW from the leak of 

catalyst. The FT-IR spectra (Fig. 1e) and XRD pattern 

(Fig. 2g) of the recovered 30%HPW/mpg-C3N4 catalyst 

showed no significant differences compared with the 

fresh catalyst, indicating the good reusability of the 

catalyst in the tandem reaction. Combined with the results 

of catalytic performance of the reused catalyst, leaking 

test, FT-IR and XRD, the 30%HPW/mpg-C3N4 catalyst is 

recoverable and recyclable. 

 

4. Conclusions 

A single-site bifunctional HPW/mpg-C3N4 with different 

HPW loading was prepared by a facile impregnation 

method via electrostatic interaction between HPW and 

protonated mpg-C3N4. According to the results of NH3-

TPD, the total acid amounts of 20%HPW/mpg-C3N4 and 

30%HPW/mpg-C3N4 are 0.385 and 0.467 mmol·g-1, 

respectively. 30%HPW/mpg-C3N4 has good catalytic 

performance in the oxidation-Knoevenagel condensation 

tandem reaction for various substituted benzyl alcohol. 

The high catalytic performance of 30%HPW/mpg-C3N4 

(98.4% benzyl alcohol conversion and 96.2% selectivity 

to benzylidene malononitrile) is attributed to good 

catalytic performance of HPW in the oxidation and 

Knoevenagel condensation, respectively. Simultaneously, 

the excellent catalytic performance is also attributed to 

good dispersion of HPW over mpg-C3N4 and the 

cooperative effects of HPW and mpg-C3N4 for the 

Knoevenagel condensation. The present approach 

provides a promising and universal strategy for the 

construction of hybrid catalysts based on HPW and 

mesoporous materials for tandem reaction. 
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Fig. 1 FT-IR spectra (A) and partial enlarged detail (B) of mpg-C3N4 (a), 20%HPW/mpg-C3N4 (b), 30%HPW/mpg-C3N4 (c), 

40%HPW/mpg-C3N4 (d), R-30%HPW/mpg-C3N4 (e) and HPW (f). 
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Fig. 2 XRD patterns of bulk g-C3N4 (a), mpg-C3N4 (b), HPW (c), 20%HPW/mpg-C3N4 (d), 30%HPW/mpg-C3N4 (e), 40%HPW/mpg-C3N4 (f) 

and R-30%HPW/mpg-C3N4 (g). 
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Fig. 3 Solid-state 31P NMR spectra (A) and zeta potential (B). 
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Fig. 4 XPS wide scan spectra of 30%HPW/mpg-C3N4 (A) and P 2p, W 4f, C 1s and N 1s XPS spectrum of 30%HPW/mpg-C3N4 (B–E). 
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Fig. 5 TGA analysis of HPW (a), 40%HPW/mpg-C3N4 (b), 30%HPW/mpg-C3N4 (c), 20%HPW/mpg-C3N4 (d) and mpg-C3N4 (e). 
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Fig. 6 N2 adsorption-desorption isotherms of mpg-C3N4 (a), 20%HPW/mpg-C3N4 (b), 30%HPW/mpg-C3N4 (c) and g-C3N4 (d) and the 

corresponding PSD curves (inset). 
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Fig. 7 SEM images of mpg-C3N4 (A) and 30%HPW/mpg-C3N4 (B) and TEM of 30%HPW/mpg-C3N4 (C, D). 
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Fig. 8 Benzyl alcohol oxidation (A) and Knoevenagel condensation reaction (B) using different catalysts, conversion of A1 (black), 

selectivity to B1 (red), selectivity to benzoic acid (green), conversion of B1 (blue) and selectivity to C1 (pink). Reaction conditions: (A) A1 (3 

mmol), H2O2/A1 = 3 : 1 (molar ratio), H2O (3 mL), 90 °C, 3 h; (B) B1 (3 mmol), B1/malononitrile = 1 : 2 (molar ratio), H2O (3 mL), 90 °C, 4 

h for g-C3N4 and mpg-C3N4, 1 h for others. 
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Fig. 9 One-pot oxidation-Knoevenagel tandem reaction, conversion of A1 (black), selectivity to C1 (pink), selectivity to B1 (red) and 

selectivity to benzoic acid (green). Reaction conditions: A1 (3 mmol), H2O (3 mL), 90 °C, 3 + 1 h, H2O2/A1/malononitrile = 3 : 1 : 2 (molar 

ratio), catalyst: a) catalyst 150 mg, b) HPW 40 mg, c) physical mixture of HPW 40 mg and mpg-C3N4 110 mg. 
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Fig. 10 (A) Reaction profile of oxidation-Knoevenagel condensation of A1 and malononitrile, (a) A1, (b) B1 and (c) C1. (B) Kinetic study for 

conversion of A1 over 30%HPW/mpg-C3N4. Reaction conditions: A1 (3 mmol), H2O (3 mL), 30%HPW/mpg-C3N4 (150 mg), 

H2O2/A1/malononitrile = 3 : 1 : 2 (molar ratio), 90 °C, 3 + 1 h. 
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Fig. 11 (A) Recyclability test of 30%HPW/mpg-C3N4 catalyst; (B) Hot filtration experiments: (a) with the presence of 30%HPW/mpg-C3N4; 

(b) 30%HPW/mpg-C3N4 was hot filtrated at 1 h. 
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Table 1 Textural parameters of g-C3N4, mpg-C3N4, 20%HPW/mpg-C3N4 and 30%HPW/mpg-C3N4  

sample Pore volume (cm3·g-1) SBET ( m2·g-1) Average pore sizea (nm) 

g-C3N4 0.0627 12.2 21.3 

mpg-C3N4 0.206 146 9.98 

20%HPW/mpg-C3N4 0.0814 124 9.71 

30%HPW/mpg-C3N4 0.0562 107 9.67 

a) Average pore size determined by the desorption branch of isotherms. 
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Table 2 Oxidation-Knoevenagel tandem reactions with different substrates  

R1 OH
HPW/mpg-C3N4

H2O2 H2O

R1 O

R2 R3

R1

R2

R3

A B C  

Entry A R2 R3 Time (h) Catalyst Conversion A (%) 
Selectivity (%) 

C B 

1 
OH

 

CN CN 3+1 

30%HPW/mpg-C3N4 98.4 96.2 0.421 

HPW+mpg-C3N4 86.2 82.8 0.346 

HPW 96.7 74.8 1.53 

2 

OH

 

CN CN 3+1 

30%HPW/mpg-C3N4 97.6 98.4 2.39 

HPW+mpg-C3N4 88.5 85.2 2.21 

HPW 97.1 77.3 3.67 

3 
OH

H3C  

CN CN 3+1 

30%HPW/mpg-C3N4 98.9 96.8 0.343 

HPW+mpg-C3N4 87.3 81.6 0.374 

HPW 98.4 75.2 1.83 

4 
OH

H3CO  

CN CN 5+1 

30%HPW/mpg-C3N4 95.3 96.2 1.42 

HPW+mpg-C3N4 85.3 83.7 0.415 

HPW 96.2 74.3 2.32 

5 
OH

F  

CN CN 5+1 

30%HPW/mpg-C3N4 84.4 95.6 0.563 

HPW+mpg-C3N4 76.8 82.1 0.392 

HPW 86.0 70.9 2.84 

6 

OH

F  

CN CN 5+1 

30%HPW/mpg-C3N4 61.9 96.9 0.421 

HPW+mpg-C3N4 57.6 84.3 0.418 

HPW 63.4 71.9 3.04 

7 
OH

F  

CN CN 5+1 

30%HPW/mpg-C3N4 53.7 97.1 0.371 

HPW+mpg-C3N4 51.9 87.1 0.336 

HPW 60.4 70.8 3.27 

8 

N
OH

 

CN CN 7+1 

30%HPW/mpg-C3N4 87.6 95.3 0.430 

HPW+mpg-C3N4 85.2 87.7 0.371 

HPW 89.8 74.3 1.89 
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Table 2 (continued) Oxidation-Knoevenagel tandem reactions with different substrates 

Entry A R2 R3 Time (h) Catalyst Conversion A (%) 
Selectivity (%) 

C B 

9 
OH

 

CN COOEt 3+4 

30%HPW/mpg-C3N4 98.6 91.6 5.36 

HPW+mpg-C3N4 86.8 79.8 4.36 

HPW 96.9 67.1 8.24 

10 
OH

 

COOEt COOEt 3+4 

30%HPW/mpg-C3N4 98.4 82.7 13.1 

HPW+mpg-C3N4 86.5 71.6 12.3 

HPW 96.6 57.9 15.8 

Reaction conditions: A (3 mmol), H2O (3 mL), 90 °C, H2O2/A/active methylene compound = 3 : 1 : 2 (molar ratio), catalyst:  

(a) 30%HPW/mpg-C3N4 150 mg, (b) physical mixture of HPW 40 mg and mpg-C3N4 110 mg and (c) HPW 40 mg. 
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Table 3 Comparison of catalytic activity between 30%HPW/mpg-C3N4 and reported catalysts 

Entry Catalyst Oxidant 
Temperature 

(°C) 

Time 

(h) 

Conversion 

(%) 

Selectivity to C1 

(%) 
Ref. 

1a Zr-MOF-NH2 O2 90 48 100 91 21 

2a NH2-MIL-101(Fe) O2 25 40 88 72 22 

3 Au@MIL-53(NH2) O2 100 13 99 99 24 

4 Pd/LS-AT-OH− O2 85 11 89.6 88.3 18 

5 Pd1–Au1/LDH O2 80 2.5 99 98.0 25 

6 Bispidine-copper O2 40 7 - 79 (86) 26 

7 OMS-2-SF O2 85/70 9.5 99.5 84.5 27 

8 OMS-2-U O2 85/70 9.5 91.6 88.9 27 

9 Tris-LDH-Zn4(PW9)2 H2O2 80 4 99 99 53 

10 30%HPW/mpg-C3N4 H2O2 90 4 98.4 96.2 This study 

a Photocatalytic aerobic oxidation-Knoevenagel condensation reaction by light irradiation. 
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OH HPW/mpg-C3N4

H2O2 H2O

CHO NC CN CN

CN

A1 B1 C1  

Scheme 1 Oxidation-Knoevenagel tandem reaction over HPW/mpg-C3N4. 
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Table of contents entry 

 

A single-site bifunctional catalyst for oxidation-Knoevenagel condensation tandem reaction was 

prepared by immobilizing H3PW12O40 on mpg-C3N4 via electrostatic interaction. 
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