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Abstract 
A composite material Fe–V/g-C3N4 prepared by impregnation achieved an efficient performance for heterogeneously catalytic 
oxidation of methanol to dimethoxymethane (DMM) and poly(oxymethylene) dimethyl ethers (POM) by O2 oxidant in batch 
reactor, exhibiting 34.3% conversion and > 99.0% selectivity to DMM and POM. However, a pioneered strategy for tuneable 
synthesis of DMM and POM was realized by controlling the reaction time. The experimental results revealed that FeVO4 
and V2O5 nanoparticle crystallizes served as the active sites and higher specific areas 29.3–51.9 m3/g for the catalysts were 
jointly responsible for the high activity. Besides, the catalyst could be easily recovered and effectively reused.

Graphic Abstract
A composite material Fe–V/g-C3N4 with higher specific area exhibited efficient performance for heterogeneously catalytic 
oxidation of methanol to dimethoxymethane (DMM) and polyoxymethylene dimethyl ether (POM) in batch reactor using 
O2 oxidant. Moreover, a pioneered strategy for tunable synthesis of DMM and POM was realized by controlling the reaction 
time. The catalyst was easily recovered and had excellent recycle lifetime and stability.
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1  Introduction

The selective oxidation of alcohols is one of the most impor-
tant functionalized group transformations in organic syn-
thesis due to producing valuable oxo-compounds involving 
aldehydes, carboxylic acid and esters. As a simplest alco-
hol, methanol can be selectively oxidized into formaldehyde 
(FA), formic acid and other products such as methyl formate 
and dimethoxymethane (DMM), or a polymer of DMM, 
polyoxymethylene dimethyl ether [1]. Among them, DMM 
is a versatile chemical intermediate widely used for produc-
ing perfume, pharmaceuticals, dyestuff and agrochemicals 
due to low toxicity [2], as well as for preparing high con-
centration formaldehyde (highest concentration approach-
ing to 83.3%) [3], which is advantageous to production of 
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polyformaldehyde, a kind of engineering plastics. Besides, 
DMM or its polymer POM, is found to be a more poten-
tial additive for diesel fuels because of their high oxygen 
content and cetane number [4, 5], and thus the demand for 
DMM may be considerably increased. Since the traditional 
method for synthesizing DMM by the condensation of FA 
with methanol over acidic catalysts [6] has some demerits, 
for example, equipment corrosion caused by acidic cata-
lysts, impediment role of massive water in raw formalde-
hyde solution for the condensation, which results in intri-
cate and costly. Consequently, one-step selective oxidation 
of methanol into DMM has been widely attempted. There 
are numerous catalysts such as Re/γ-Fe2O3 [7], RuOx/SiO2 
[8], SbRe2O6 [9, 10], SO4

2−/V2O5–TiO2 [11] and VOx/TS-1 
[12], etc. that have been reported to be active for one-step 
methanol oxidation. Recently, our group has addressed VOx 
supported catalysts, SO4

2−/V2O5–ZrO2 and VOx/g-C3N4 [13, 
14], that presented higher activity and high selectivity to 
DMM. However, these two catalysts are apt to deactivation 
after reaction having carried out for 9 h at 200 °C. Never-
theless, all the above reported processes have perform in 
fixed-bed reactor, in which over-oxidation of methanol into 
CO2 usually occurs due to high reaction temperature [1]. The 
liquid-phase oxidation of methanol to DMM has been very 
rare in reported literatures [13]. Li et al. have demonstrated 
effective catalytic performance of ruthenium trichloride for 
homogeneously catalytic oxidation of methanol using O2 as 
oxidant [15], getting good reactivity. Herein, the aim of this 
study is to design and develop an efficient solid catalyst for 
liquid-phase oxidation of methanol in heterogeneous cataly-
sis. A composite material Fe–V/g-C3N4 with higher specific 
area was prepared in order to modify the VOx/g-C3N4 cata-
lyst via introducing iron species. The catalytic performance 
upon the relationship between the surface composition, 
structure and the activity of the composite catalyst, the role 
of the Fe species for promoting the catalytic activity and 
reusability of the catalyst were thus evaluated. The experi-
ment results on oxidation of methanol into DMM and POM 
were discussed in this paper.

2 � Experimental

2.1 � Preparation of the Catalyst

g-C3N4 was prepared via melamine precursor according to 
the method described in the literature [14].

A typical preparation of composite material Fe–V/g-
C3N4, 1.4 g (10.53 mmol) of NH4VO3 (> 99.0%) and 100 mL 
of distilled water were added into a beaker. The suspension 
was stirred and heated to 60 °C for dissolving NH4VO3. 
After the dissolution, 2.0 g of g-C3N4 and 2.0 g (7.39 mmol) 
of FeCl3·6H2O were charged to the beaker, followed by 

stirring at this temperature for 6 h. Afterwards, a dark green 
solid was filtered off and dried at 100 °C for 2 h. Finally, 
the solid was grinded into powder and calcined at 550 °C 
for 2 h, affording Fe–V/g-C3N4 (1.62 g) with content of Fe 
19.8%, V 24.3%. For convenience, the composite materials 
by calcined at 400, 450, 500, 550 and 600 °C were marked 
as Fe–V/g-C3N4-400, Fe–V/g-C3N4-450, Fe–V/g-C3N4-500, 
Fe–V/g-C3N4-550 and Fe–V/g-C3N4-600, respectively.

2.2 � Characterization

X-ray powder diffraction (XRD) of the composite materials 
was performed with a Bruker AXS D8 advanced X-ray dif-
fractometer. SEM, SEM–EDX and the EDX elemental map-
ping were obtained with a Hitachi S-4800 scanning electron 
microscopy. FT-IR spectra were recorded on a Vertax-80 
spectrometer. TEM and HRTEM were carried out using 
a FEI Tecnai F20 equipment. X-ray photoelectron spec-
troscopy (XPS) was measured on a Kratos-AXIS ULTRA 
DLDX X-ray photoelectron spectrometer. Vanadium and 
iron contents in Fe–V/g-C3N4 composite were analyzed by 
7500CE ICP-MS (Agilent Company).

2.3 � Catalytic Test

Test for catalytic activity of Fe–V/g-C3N4 was conducted 
in a 100 mL stainless steel autoclave with an electric heater 
and a mechanical stirrer. 20 mL (0.494 mol) of methanol 
and 0.2 g of the catalyst (Fe–V/g-C3N4) were loaded into the 
autoclave. After purged three times with O2 gas, the reactor 
was pressured to an initial pressure of 1 MPa O2 and heated 
to 175 °C; and then the reaction mixture was violently stirred 
at this temperature for 6 h. After the reaction completed, 
the reaction mixture was cooled down and filtered to sepa-
rate the catalyst. The filtrate was analyzed by GC (Agilent 
GC7820) and GC–MS (Agilent GC7890A-MS5975C) using 
HP-5 column (30 m × 0.32 mm × 0.25 μm) and FID detector 
(GC). The separated catalyst was dried at 100 °C for 3 h, and 
then reused in the next run to evaluate the reusability of the 
catalyst. The lifetime of the catalyst was also evaluated in a 
fixed bed reactor at pressure 0.2 MPa and the other reaction 
conditions were the same as the description in the reference 
[14]. In addition, the selectivity to POM was also estimated 
by weighing the remnants after distillation to remove the 
methanol and DMM.

3 � Results and Discussion

3.1 � Characterization

XRD patterns of the prepared g-C3N4 and Fe–V/g-C3N4-t 
materials (t = 400, 450, 500, 550 and 600, respectively) 
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were depicted in Fig. 1. The strong peaks at 2θ = 27.5 
and 13.1° indexed to (002) and (100) diffraction planes 
of the graphite-like carbon nitride (g-C3N4) [16] were 
observed (Fig.  1a). The peak at 2θ = 13.1° could be 
ascribed to an in-plane structure motif, such as the hole 
to hole distance of tri-s-triazine units, while the peak 
at 2θ = 27.5° was derived from the stacked interlayers 
of g-C3N4 [17]. When Fe and V elements were incor-
porated, the diffraction peaks at the (002) plane were 
sharply decreased and shifted for Fe–V/g-C3N4-400 and 
Fe–V/g-C3N4-450 (Fig. 1b, c), and almost disappeared 
for Fe–V/g-C3N4-500 (Fig. 1d). While, the diffraction 
peaks at 13.1° related to the (100) plane were obviously 
changed to be weaker and wider for Fe–V/g-C3N4-400, 
Fe–V/g-C3N4-450 and Fe–V/g-C3N4-500, implying that 
the Fe and V species could reduce the crystalline degree 
and shift diffraction peak of the g-C3N4 via interacting 
with its surface functional groups on in-plane structure 
motif and the stacked interlayers of g-C3N4. Interestingly, 
the sharp diffraction peaks at 2θ = 15.6°, 20.5°, 26.4°, 
31.3°, 34.6° assigned to V2O5 and at 16.9°, 25.3°, 27.8° 
to FeVO4 crystallizes arose as the calcined temperature 
elevated up to 550 and 600 °C (Fig. 1e, f) although the 
crystalline degree of Fe–V/g-C3N4-550 was higher than 
that of Fe–V/g-C3N4-600 (Fig. SI1). Meanwhile, the (002) 
plane diffraction of g-C3N4 again appeared at 2θ = 27.5° 
for Fe–V/g-C3N4-550 and Fe–V/g-C3N4-600, accompa-
nied by stronger and wider peaks observed at 13.1° as 
well. The stronger and wider peaks for the (100) plane 
was also due to the strong interaction between Fe or V spe-
cies and the in-plane structure motif of g-C3N4 at higher 

calcined temperature. It was clearly that the composites 
Fe–V/g-C3N4-550 and Fe–V/g-C3N4-600 were composed 
of three crystallizes, FeVO4, V2O5 and g-C3N4 with the 
molar ratio of FeVO4:V2O5:g-C3N4 estimated to be ≈ 
1.6:1:1 (5.73:3.46:3.57 mmol) for the Fe–V/g-C3N4-550 
sample by the contents of Fe: 19.8% and V: 24.3% in the 
composite. The determined contents of Fe and V elements 
by ICP-MS indicated that the amount of the precursor 
g-C3N4 was obviously reduced from 2.0 to 0.33 g dur-
ing the preparation of Fe–V/g-C3N4-550. This reduction 
of g-C3N4 amount was mainly attributed to the action of 
Fe species since this reduction was not found during the 
preparation of VOx/g-C3N4 [14]. Usually, Fe(III) or Fe(II) 
was prone to coordinating to NH2 groups to form Fe–NH2 
complexes [18]. This interaction between Fe species and 
–NH2 in g-C3N4 molecules greatly affected crystallization 
of g-C3N4, even caused its decomposition at high calcined 
temperature. The formation progress of V2O5 and FeVO4 
crystallizes for Fe–V/g-C3N4-550 and Fe–V/g-C3N4-600, 
as well as the decrease in crystalline degree of Fe–V/g-
C3N4-400, Fe–V/g-C3N4-450 and Fe–V/g-C3N4-500 could 
be also observed in SEM images of these samples. As 
shown in Fig. 2, g-C3N4 presented laminated crystallizes 
(Fig. 2a) and a part of the laminated crystalline was broken 
into some pieces when the Fe and V compounds intro-
duced. Moreover, these pieces grew in quantity as the cal-
cined temperature raised from 400 to 500 °C (Fig. 2b–d). 
Subsequently, the crystalline degree of the composite 
materials Fe–V/g-C3N4-550 and Fe–V/g-C3N4-600 was 
heightened although the sheet-like crystalline remark-
ably aggregated, which was in agreement with the results 
obtained by XRD patterns as shown in Fig. 1d, e. 

For further determining the surface composition and 
structure of the sample Fe–V/g-C3N4, the SEM–EDX was 
used to detect the element composition by scanning six dif-
ferent areas, including large sheets and small flakes or pieces 
as shown in Fig. SI2. The presence of C, N, O, Fe and V 
lines was confirmed on all these areas, which suggested that 
V2O5, FeVO4 and g-C3N4 crystalline would be uniformly 
distributed on the Fe–V/g-C3N4-550 surface, whether on the 
small flakes or big sheets even though they were too tiny 
crystals to be observed by SEM. Also, the EDX elemental 
mapping was applied to elucidate the scattering degree of 
C, N, O, Fe and V elements on Fe–V/g-C3N4-550 surface. 
The mapping results as shown in Fig. 3 presented that the 
distribution of C, N, O, Fe and V elements was very uniform 
by highly-dispersed dots. Besides, TEM image of Fe–V/g-
C3N4-550 indicated that the composite material was com-
posed of aggregated globular particles with about 30–50 nm 
and abundant pores on the surface were clearly observed as 
white dots (Fig. 4a). Further, a high-resolution TEM image 
suggested that three lattice fringes for V2O5, FeVO4 and 
g-C3N4 crystalline particles were found with interplanar 

Fig. 1   XRD patterns of g-C3N4 and Fe–V/g-C3N4-t at various cal-
cined temperatures. (a) g-C3N4, (b) Fe–V/g-C3N4-400, (c) Fe–V/g-
C3N4-450, (d) Fe–V/g-C3N4-500, (e) Fe–V/g-C3N4-550, and (f) Fe–
V/g-C3N4-600
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spacing 0.3314 nm for 330 plane of V2O5, 0.4627 nm for 
110 plane of FeVO4 and 0.3144 nm for 110 plane of g-C3N4 
(Fig. 4b), respectively, validating the existence of these three 
crystals. 

Figure  5 displayed the measurement results of N2 
adsorption–desorption technique. The adsorption iso-
therms of Fe–V/g-C3N4-t composites belonged to III type 
(Fig. 5a). The adsorption capacity at high p/p0 values 
was sharply increased for Fe–V/g-C3N4-400, Fe–V/g-
C3N4-450, Fe–V/g-C3N4-500 and Fe–V/g-C3N4-550, 

leading to their higher specific surface areas with 47.4, 
51.9, 43.9 and 29.3 m2/g, respectively, as shown in paren-
theses of Fig. 5. Whereas, the specific surface area of 
Fe–V/g-C3N4-600 (19.3 m2/g) was slightly larger than that 
of g-C3N4 (14.7 m2/g) due to their similar adsorption iso-
therms. The higher surface areas of Fe–V/g-C3N4-t were 
attributed to formation of micro and mesopores owing to 
decomposition of g-C3N4 at high temperature. In other 
words, the precursor g-C3N4 partly acted as a template 
agent for the preparation of these porous materials. The 

Fig. 2   SEM images of g-C3N4 and Fe–V/g-C3N4-t. a g-C3N4, b Fe–V/g-C3N4-400, c Fe–V/g-C3N4-450, d Fe–V/g-C3N4-500, e Fe–V/g-
C3N4-550, and f Fe–V/g-C3N4-600
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distribution of pore diameters for the porous materials 
such as Fe–V/g-C3N4-450 and Fe–V/g-C3N4-500, as well 
as g-C3N4 for comparison, was measured and depicted in 
Fig. 5b. As compared with g-C3N4, the pore diameters 
of Fe–V/g-C3N4-450 and Fe–V/g-C3N4-500 shifted from 
micropore to mesopore direction as a whole, which was 
the reason that the specific surface areas of the Fe–V/g-
C3N4-450 and Fe–V/g-C3N4-500 were much more than 
that of g-C3N4.

FT-IR spectra of g-C3N4 and Fe–V/g-C3N4-t prepared 
at different calcined temperatures were depicted in Fig. 6. 
As observed in the spectrum of g-C3N4 (Fig. 6a), the broad 
bands centred at 3432.9 and 3268.2 cm−1 could be attrib-
uted to the stretching vibrational mode of N–H bonds of 
uncondensed amino groups and the band at 3171.1 cm−1 
was related to the formation of hydrogen bonds in g-C3N4 
molecules [19]. The bands from 1252.3 to 1638.0 cm−1 
were likely assigned to the stretching vibrations of the 

Fig. 3   EDX elemental mapping of Fe–V/g-C3N4-550
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CN heterocycles [20]. While, the characteristic band at 
807.3 cm−1 corresponded to the typical bending vibration of 
the triazine unit [21]. As Fe and V species incorporated into 
g-C3N4, the feature bands centred at 3268.2 and 3171.1 cm−1 
were obviously decreased for Fe–V/g-C3N4-400, Fe–V/g-
C3N4-450 and Fe–V/g-C3N4-500 (Fig. 6b–d), and even they 
completely disappeared for Fe–V/g-C3N4-550 and Fe–V/g-
C3N4-600 (Fig. 6e, f). Meanwhile, the bands at 1638.0, 
1459.3, 1326.3 and 1252.3 cm−1, ascribed to the stretching 
vibrations of the CN heterocycles, also vanished for Fe–V/g-
C3N4-550 and Fe–V/g-C3N4-600 samples. The decrease or 
disappearance of these bands revealed that the interaction 
between functionalized groups NH2– in the g-C3N4 mol-
ecules and Fe or V compounds really existed yet during the 
preparation of these composites, and the interaction was 
enhanced as the temperature elevated as well. Except for 
these findings, new bands at 838.7, 915.1, and 960.2 cm−1 
likely assigned to V–O–V linkage, whereas the new bands 
centred at 991.6 and 1023.0 cm−1 were clearly found for 
Fe–V/g-C3N4-550 and Fe–V/g-C3N4-600 samples, these 
two new bands at 991.6 and 1023.0 cm−1 probably caused 
by the shift of the stretching vibration of V=O bonds from 
1021 cm−1 due to the strong interaction between VOx in 
V2O5 and FeVO4 crystallizes and g-C3N4 molecules as 

Fig. 4   TEM (a) and HRTEM (b) of Fe–V/g-C3N4-550
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compared with bulk V2O5 molecules [22], that is, existence 
of V2O5 and FeVO4 species on the composite materials was 
surely validated.

X-ray photoelectron spectroscopy (XPS) measurement 
was conducted to determine the elemental composition 
and chemical states of the Fe–V/g-C3N4 catalyst. Figure 7a 
exhibited the presence of C, N, O, Fe and V elements, which 
confirmed the formation of the Fe–V/g-C3N4 composite 

combined with the above XRD, SEM–EDX, FT-IR and HR-
TEM. Deconvoluting C 1s spectrum (Fig. 7b), the two peaks 
centered at 284.5 and 286.7 eV were likely assigned to the 
graphitic carbon and the sp2 carbon atoms (N–C=N), respec-
tively [23]. In Fig. 7c, the two signals at 399.8 and 401.6 eV 
could be ascribed to the sp2-hybridized N atom in the thia-
zine ring and the tertiary nitrogen N–(C)3, respectively [24]. 
Meanwhile, the characteristic peaks at 711.3 and 725.4 eV 
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were related to Fe 2p3/2 and Fe 2p1/2 [25], respectively, as 
shown in Fig. 7d. Besides, the peaks centered at 530.0 and 
531.1 eV in O 1s spectrum of Fig. 7e were assigned to oxy-
gen atoms in V2O5 and FeVO4 species, respectively. Likely, 
the characteristic peaks at 516.5 and 517.2 eV were attrib-
uted to V atoms in V2O5 and FeVO4 species, respectively 
(Fig. 7f). These findings also demonstrated that the success-
ful formation of Fe–V/g-C3N4 composite.

3.2 � Catalytic Activity

The oxidation of methanol conducted in a 100 mL stainless 
steel autoclave with an electric heater and a mechanical stir-
rer. The reactants included 20 mL (0.494 mol) of methanol 
and an initial O2 pressure of 1 MPa (about 0.0368 mol) at 
room temperature. If the total 0.531 mol of reactants (metha-
nol + O2) were completely gasified at reaction temperature 
175 °C, the total pressure of the reactor would be 19.5 MPa. 
Actually, the displayed reaction pressure of the oxidation 
process on the piezometer was about 4.5 MPa, which proved 
the reaction is liquid-phase oxidation in this case.

It was well known that the surface composition and struc-
ture of the catalytic materials strongly depended on the prep-
aration conditions played an important role for the catalytic 
activity. The dependence of catalytic activity on calcined 
temperature during the preparation of the catalyst was con-
ducted and the results were presented in Fig. 8. As seen in 
the figure, the catalytic activity was gradually increased as 
the calcined temperature raising from 400 to 550 °C, provid-
ing from 14.0 to 29.0% conversion of methanol, and then 
the conversion was sharply decreased to 6.3% for Fe–V/g-
C3N4-600. Whereas the selectivity to DMM almost remained 
above 93% for all the Fe–V/g-C3N4-t catalysts. This activ-
ity order of the catalysts prepared at various calcined 

temperature was indeed relevant to the surface phase compo-
sition according to their XRD patterns and FT-IR spectra. As 
illustrated in Fig. 1, crystallization degree of the composites 
Fe–V/g-C3N4-400, Fe–V/g-C3N4-450 and Fe–V/g-C3N4-500 
was much lower since very weak diffractions of V2O5 and 
FeVO4 crystalline were observed. When the calcined tem-
perature elevated up to 550 and 600 °C, stronger diffraction 
peaks of V2O5 and FeVO4 crystallines obviously grew. It 
was worthy to note that the crystallinity of V2O5, FeVO4 and 
g-C3N4 in Fe–V/g-C3N4-550 was higher than that in Fe–V/g-
C3N4-600 (Fig. SI1). These findings suggested that the redox 
active sites that arose from the crystalline V2O5 or FeVO4 on 
the surface of the catalyst were vital for methanol oxidation 
because the first step of methanol oxidation to formaldehyde 
is the rate determining one [26]. Especially, the formation 
of formaldehyde occurred via the transfer of an H atom of 
a methoxy group to the O atom of the V=O group [27]. 
As a result, the V=O groups in V2O5 and FeVO4 crystal-
lizes was surely confirmed to act as active sites for methanol 
oxidation to DMM. Therefore, the Fe–V/g-C3N4-550 cata-
lyst with remarkable V=O groups in high crystallization 
degree of V2O5 and FeVO4 crystallizes, evidently observed 
in FT-IR spectra, demonstrated higher catalytic activity as 
compared with Fe–V/g-C3N4-400, Fe–V/g-C3N4-450 and 
Fe–V/g-C3N4-500, as well as Fe–V/g-C3N4-600 catalysts 
even though Fe–V/g-C3N4-400, Fe–V/g-C3N4-450 and 
Fe–V/g-C3N4-500 had much higher specific surface areas 
than the former. In contrast, the low specific surface area and 
crystalline degree was the reason that the Fe–V/g-C3N4-600 
catalyst provided lower catalytic activity.

Figure 9 exhibited the dependence of the catalytic activity 
on initial pressure of oxygen gas. As the initial pressure of 
O2 increased, the conversion of methanol was gradually pro-
moted, showing up to about 29.0% conversion at the initial 
pressure of 1.0 MPa, and then the conversion slightly raised 
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Fig. 8   The dependence of catalytic activity on the calcined tempera-
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Fig. 9   The effect of O2 initial pressure on the catalytic activity
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as the pressure elevated to 1.2 MPa. At the same time, the 
selectivity remained above 90.0% in all range of the initial 
pressure. According to the stoichiometric reaction equation, 
the O2 pressure arising surely promoted the surface conver-
sion of methanol. Actually, about 30% conversion of metha-
nol would expend 0.148 mol of methanol and 0.0247 mol 
of O2, while the amount of O2 approached to 0.67 MPa of 
initial pressure. Thus, 1.0 MPa of O2 pressure was enough 
for the methanol oxidation in this case.

The catalytic activity was remarkably increased as the 
reaction time prolonged from 4 to 6 h (Fig. 10), and accom-
panied by the selectivity to DMM decreasing from ca. 100% 
at 4–5 h to 93.3% at 6 h. Further, the selectivity to DMM 
was sharply decreased from 93.3 to 57.2% and the conver-
sion was slightly increased up to 34.2% as the reaction time 
continuously expanded from 6 to 8 h. The deep decrease of 
the selectivity to DMM was validated to be related to oli-
gomerization of the product DMM into poly(oxymethylene) 
dimethyl ether (POM). When the reaction completed, the 
reaction mixture was distilled to remove unreacted methanol 
and product DMM. The remainder obtained by washed and 
dried was confirmed to be POM by 13C NMR and 1H NMR 
spectra as shown in Fig. SI3. Moreover, the further detection 
and analysis exhibited that the obtained POM was identi-
fied to be CH3(OCH2)8–10OCH3 by GC–MS. As a result, 
the tuneable synthesis of DMM and POM was realized by 
controlling the reaction time. That is, the POM was obtained 
as main product when prolonged reaction time > 8 h, and 
DMM was as main product at reaction time of 6 h, however, 
the selectivity to DMM and POM was all about 99.0% in 
any case.

The effect of reaction temperature on the methanol oxi-
dation was performed and the results was demonstrated in 
Fig. 11. The conversion was smoothly increased as the tem-
perature raising from 160 to 175 °C, and then the conversion 

was decreased as the temperature continuously raising to 
180 °C. Besides, the selectivity to DMM reached at ca. 100% 
at temperature of 160 °C and reduced to about 80% with 
20% POM at 165 °C. Thereafter, the selectivity to DMM 
again raised to ca. 100% at 180 °C. This phenomenon is 
likely related to the reaction thermodynamics. It was known 
that the reaction equation of methanol oxidation to DMM is 
shown in the following:

 
This includes two reactions to be completed, one is the 

oxidation of methanol to FM; and the other is the condensa-
tion of methanol with FM to generate DMM.

According to the thermodynamics data of ΔGf
Ø, ΔHf

Ø 
and Cp,m, ΔrG1

Ø(T) and ΔrG2
Ø(T) for Reactions (1) and (2), 

respectively, were calculated and the plots of ΔrG1
Ø(T) and 

ΔrG2
Ø(T) versus reaction temperature were demonstrated 

in Fig. 12a. Evidently, the ΔrG2
Ø positively shifted as the 

reaction temperature raising, which makes driving force for 
the Reaction (2) be changed to be weaker, leading to the 
decrease in the reaction trend at high temperature. Whereas, 
ΔrG1

Ø was reduced as the temperature raising. The tempera-
ture elevating is thus disadvantageous for the Reaction (2) 
forming DMM from the view point of the reaction thermo-
dynamics, which led to the low conversion as the reaction 
temperature increased to 180 °C in this case. On the other 
hand, the changes of ΔrGpol

Ø for polymerization reaction 

3CH3OH (g) + 1∕2O2 (g) = CH2

(

OCH3

)

2
(g) + 2H2O (g).

(1)CH3OH (g) + 1∕2O2 (g) = HCHO (g) + H2O (g),

(2)
HCHO (g) + 2CH3OH (g) = CH2

(

CH3O
)

2
(g) + H2O (g).
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Fig. 10   The dependence of the catalytic activity on reaction time
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to POM with the temperature was also depicted in Fig. 12b 
[28]. The ΔrGpol

Ø values was changed to be more positive 
above 120 to 150 °C, also it was increased with the tem-
perature rising from 150 to 200 °C, which would inhibit the 
polymerization carried out in view point of the thermody-
namics, inevitably causing the decrease of the selectivity 
to POM.

3.3 � The Reusability and Stability of the Catalyst

In order to estimate the application prospect of the catalyst 
in industry, the reusability and/or lifetime of the catalyst 
were explored in batch and fixed-bed reactor. The results 
were depicted in Fig. 13. For the batch reaction, the catalyst 
was recovered, dried and reused in the next run under the 
same reaction conditions. As shown in Fig. 13a, the cata-
lytic activity of the catalyst Fe–V/g-C3N4-550 was almost 
unaffected even at the third run and the lower activity for 
the fourth run was likely ascribed to the weight loss dur-
ing the recovery of the catalyst. This indicated that the 
catalyst had a good reusability in batch reaction. Besides, 
the catalytic activity was increased at the initial stage from 

1 to 5 h, exhibiting the conversion 15.5% at 5 h in fixed-
bed reactor (Fig. 13b). Subsequently, the conversion was 
gradually increased up to about 19.0% at 17 h, followed by 
achieving 20.4% at 25 h and 19.4% at 26 h. This finding also 
revealed that the catalyst Fe–V/g-C3N4-550 was much more 
stable than the reported V/g-C3N4 catalyst [14], that is, the 
introducing Fe species into V/g-C3N4 catalyst could greatly 
enhance the stability of the catalyst for selective oxidation 
of methanol.

4 � Conclusions

A composite material Fe–V/g-C3N4 was designed and pre-
pared by impregnation. Its characterization exhibited that 
the composite was composed of V2O5, FeVO4 and g-C3N4 
crystalline and possessed higher specific surface areas. The 
composite displayed high catalytic activity and selectivity 
for liquid-phase selective oxidation of methanol. This high 
activity was surely ascribed to V=O groups in V2O5 and 
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FeVO4 crystalline, which served as active sites on the cata-
lyst surface. Besides, the tuneable synthesis of DMM and 
POM was realized by controlling the various reaction time. 
The composite catalyst possessed excellent reusability and 
lifetime for the oxidation reaction, which suggested that it 
has a potential application prospect in industry.
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