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a b s t r a c t

Efficient conversion of straw cellulose to chemicals or fuels is an attracting topic today for the utiliza-

tion of biomass to substitute for fossil resources. The development of catalysts is of vital importance.

In this work, a composite catalyst metal-organic frameworks (MOFs) immobilized on three-dimensional

reduced graphene oxide (3D-rGO) were synthesized by in situ growth of the MIL-101(Cr) within the 3D-

rGO matrix. The supporting of 3D-rGO guaranteed the dispersion and acid site density of MIL-101(Cr).

The MIL-101(Cr)@3D-rGO nanocomposite possesses excellent catalytic activity, stability, recyclability and

is an idea catalyst for the efficient degradation of straw cellulose into formic acid (FA), acetic acid (AA)

and oxalic acid (OA). A maximum FA conversion rates of 95.36% was obtained by using MIL-101(Cr)@3D-

rGO(1:1) as catalyst and hydrothermal reaction at mild conditions of 200 °C for 1h in alkaline aqueous

medium. The MIL-101(Cr)@3D-rGO nanocomposite can be reused with high catalytic activity without any

collapse of structure or leaching of chromium.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With growing concerns about energy shortages and environ-

ment degradation, finding renewable and green energy sources as

alternatives to petroleum-based productions have received world-

wide attention. Conversion of biomass to chemicals or liquid fu-

els are attracting much interest in recent years, among which

the degradation of cellulose into high value-added platform com-

pounds is regarded as one of the most important direction.

Among various of valuable biomass-derived products such as hy-

droxymethylfurfural (HMF), aldols and small molecule acids [1,2].

Formic acid (FA) has received much attention because it is closely

related to fuel-cell-based hydrogen economy and has the potential

to serve as a hydrogen generation/storage material with its high

energy density. On the other hand, crops residue such as straw

produced in agriculture exceed 72 millionton annually in China.

Much of it was used as fuel for direct combustion which could

not only arouse pollution of the environment but also cause waste

of resources. Among them, wheat straw (WS), containing 40%−60%

of natural cellulose, hemicelluloses and lignin, has the potential to
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become the plentiful raw materials source for chemical conversion

to produce high value-added fuel [3].

Generally, the conversion of cellulose into platform molecules

is achieved by the oxidation of carbonhydrates in the presence of

catalysts. Nanoparticle catalyst, solid acid catalyst and alkali metal

catalyst have shown remarkable effect [4-6]. For example, with the

solid heteropoly acid Cs2.5H0.5PW12O40 catalyst, fructose could pro-

duces HMF with high efficiency in a two-phase system [5]. The

Ru-based catalyst could convert the cellobiose and cellulose to a

hexahydric alcohol with high selectivity [6]. The composite cat-

alyst of Ir/SiO2 and zeolite can directly convert microcrystalline

cellulose into n-butane [7]. However, these reactions are generally

heterogeneously catalyzed. And there are few studies on the effi-

cient catalytic degradation of cellulose to small molecule acids. The

presence of repeated 1,4-β glycosidic bonds and complex hydrogen

bonding networks in cellulose make them very difficult to dissolve,

thus reducing the efficiency of heterogeneous catalysis. Recently,

studies have shown that cellulose can be dissolved in ionic liquid

or alkaline aqueous solutions, and then can be homogeneously de-

graded to HMF or small molecular acids, which depends on the

catalyst system [8]. But the high conversion efficiency and selec-

tivity of product should be improved.

Metal-organic frameworks (MOFs) are a kind of organic-

inorganic hybrid materials with metal ions or metal clusters as
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nodes and organic ligands as skeletons. They have great advantages

in controllable regular nanochannel structure, large specific sur-

face area and porosity, and easy functionalization compared with

traditional inorganic and organic materials. As a result, there has

been widespread interest in the fields of gas storage and separa-

tion, chemical sensing, drug delivery, and catalysis [9-11]. In partic-

ular, owing to the rich Lewis acid sites based on unsaturated metal

centers, MOFs are regarded as promising catalytic materials [12].

However, MOFs also have some shortcomings including poor water

resistance and difficulty in recovery, which limit their widespread

application. Among various MOFs, MIL-101(M) possesses a rigid

mesoporous and microporous cage structure with a very large spe-

cific surface area, in which MO4(OH)2 (M = Cr, Fe, Al) octahe-

dron and terephthalic acid (BDC) are bridged in space. The spe-

cial matrix of MIL-101(M) ensures its excellent hydrothermal sta-

bility and chemical stability, and has a greater advantage in ad-

sorption and catalysis than other MOFs [13]. Moreover, the cat-

alytic performance of MIL-101 is mainly derived from the unsat-

urated sites of surface metals. Compared with the Fe-based and

Al-based MILs materials, MIL-101(Cr) has more unsaturated sites

and stronger stability, therefore, it has great application potential

especially in the field of heterogeneous catalysis.

In addition, in order to solve the defects of the material and en-

sure the catalytic activity of the material, it is particularly impor-

tant to fix the MOFs on a suitable solid support [14]. Graphene is

an excellent carrier material with high specific surface area, stable

thermochemical properties, strong mechanical strength and struc-

tural adjustability [15]. However, the existence of van der Waals

forces and π-π superposition between graphene sheets tend to

cause its recombination and aggregation, resulting in a significant

decrease in specific surface area [16]. Assembling two-dimensional

graphene to create a three-dimensional graphene structure could

overcome these defects and provide the possibility for immobiliz-

ing MOFs nanoparticles within its matrix [17]. Meanwhile, the ad-

hesion of the internal solid particles, especially MOFs with caged

skeleton, can also support the 3D structure and prevent the ag-

glomeration of the graphene sheets. Therefore, the combination of

the two materials not only solves the problems of difficult recovery

of MOFs and easy agglomeration of graphene, but also contributes

to the dispersion of active sites on MOFs, which ensure the suf-

ficient contact of catalyst and reactants to improve catalytic effi-

ciency [18,19].

In this paper, MIL-101(Cr) was in-situ synthesized within the

3D-rGO matrix to form MIL-101(Cr)@3D-rGO nanocomposite. Then,

it was used as catalyst to efficiently convert straw cellulose to

valuable organic acid in a homogeneous alkaline solution. Further-

more, the appropriate hydrothermal conditions of the conversion

reactions were systematically evaluated, and a high selectivity and

yield of formic acid was obtained.

The synthesis process of MIL-101(Cr)@3D-rGO(n) (n represents

the mass ratio of MIL-101(Cr) and 3D-rGO) is shown in Fig. 1a.

The SEM image of MIL-101(Cr) (Fig. 1b) showed that the pre-

pared MIL-101(Cr) possessed a regular crystal morphology with a

diameter of about 300–400 nm. The internal defects and wrin-

kles of 3D-rGO were clearly observed (Fig. 1c). SEM image of MIL-

101(Cr)@3D-rGO(1:1) (Fig. 1d) clearly showed that plenty of MIL-

101(Cr) nanocrystalline were formed inside the network, almost

completely occupied the defects and wrinkles of the 3D-rGO sur-

face, which demonstrated that MIL-101(Cr) was uniformly attached

within the 3D-rGO grid. Compared with the SEM image of MIL-

101(Cr)@3D-rGO(1:2) (Fig. S1 in Supporting information), it can be

seen that MIL-101(Cr) in MIL-101(Cr)@3D-rGO(1:1) was more fully

attached inside 3D-rGO. The element composition and distribution

(C, O, N, Cr) of MIL-101(Cr)@3D-rGO(1:1) were detected in SEM

element mapping (Fig. 1e) and elemental analysis (Fig. 1f). The C

were observed uniformly distributed within the composite, show-

Fig. 1. Preparation flow chart of MIL-101(Cr)@3D-rGO (a). SEM images of MIL-

101(Cr), 3D-rGO and MIL-101(Cr)@3D-rGO(1:1) (b-d); SEM element mapping of

MIL-101(Cr)@3D-rGO(1:1) (e). Elemental analysis of MIL-101(Cr)@3D-rGO(1:1) (f).

ing the skeleton of 3D-rGO. The O and Cr images could fit into

each other and O atoms were distributed near the Cr atom posi-

tions, pointing to Cr-O. The Cr/O atom ratio was about 1:1, which

was corresponding to the elemental composition of MIL-101(Cr).

The scattered N atoms were attributed to the Cr(NO3)·9H2O dur-

ing the preparation. And visible images of EDS mapping results

confirmed that MIL-101(Cr) were successfully synthesized and dis-

persed uniformly within the 3D-rGO matrix. The TEM image of

MIL-101(Cr)@3D-rGO(1:1) (Fig. S2 in Supporting information) also

showed the regular crystal morphology of MIL-101(Cr).

The XRD patterns of 3D-rGO, MIL-101(Cr) and MIL-101(Cr)@3D-

rGO composite were exhibited in Fig. 2a. For 3D-rGO pattern, a dis-

tinct diffraction peak appeared near 21.50°, which was consistent

with the corresponding surface (002) of 3D-rGO. The main peaks

of MIL-101(Cr) were recorded at 5.82°, 8.33°, 9.02°, 16.39°, corre-
sponding to (531), (882), (911), (311) of standard MOFs, respec-

tively [20]. For the MIL-101(Cr)@3D-rGO composite, both charac-

teristic peaks of MIL-101(Cr) and 3D-rGO were detected indicating

that the addition of 3D-rGO would not affect the crystal structure

of MIL-101(Cr). A stronger characteristic peak was observed as the

increasing of the content of MIL-101(Cr) in the composite.

The FT-IR spectrum of the catalysts were depicted in Fig. 2b.

The bands around 748 cm−1 were related to the deformation vi-

bration of C–H. A adsorption band appeared around 1015 cm−1

was assigned to the C–O stretching. And the bands at 1348 cm−1

could be attributed to –OCO group from the dicarboxylate linker.

The peaks observed around 1507 cm−1 and 1620 cm−1 were as-

signed to aromatic C=C stretches and structural water molecules,

respectively [21]. It can be seen that the composite material has a

good characteristic peak and the addition of 3D-rGO does not af-

fect the formation and structure of MIL-101(Cr).

The NH3-TPD curve is used to characterize the acidity of

the composite catalyst surface. From Fig. 2c, it can be observed

that two different types of 3D-rGO dosing compound catalysts
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Fig. 2. XRD patterns (a) and FTIR spectra (b) of MIL-101(Cr), 3D-rGO MIL-101(Cr)@3D-rGO(1:1) and MIL-101(Cr)@3D-rGO(1:2); NH3-TPD curve (c) of MIL-101(Cr)@3D-

rGO(1:1) and MIL-101(Cr)@3D-rGO(1:2); TGA curve (d) of MIL-101(Cr)@3D-rGO(1:1) and MIL-101(Cr)@3D-rGO(1:2).

had detected acid sites with different strengths, of which MIL-

101(Cr)@3D-rGO(1:1) possessed a stronger Bronsted acidic site

than MIL-101(Cr)@3D-rGO(1:2). The difference in the strength of

the Lewis acid sites between the two composites was not large,

which was attributed to the higher proportion of MIL-101(Cr) in

MIL-101(Cr)@3D-rGO(1:1) composites, of which had more acti-

vated Cr acid sites. NH3-TPD curve confirmed that the composite

material was an acidic catalyst and MIL-101(Cr)@3D-rGO(1:1) had

a stronger acidic site.

The TGA curve of the composite material is shown in Fig. 2d,

reflecting the thermal stability of the material. The weight loss of

the composite material was mainly divided into three stages. The

first stage was 20–360 °C, the weight loss at this stage was due to

removal of trace water on the surface of the material (8 wt% for

MIL-101(Cr)@3D-rGO(1:1), 14 wt% for MIL-101(Cr)@3D-rGO(1:2)).

The second stage occurred at 360–550 °C, the weight loss at this

stage is attributed to the collapse skeleton of the composite cata-

lyst caused by the removal of the material skeleton linker (tereph-

thalic acid). The third stage took place when the temperature was

higher than 550 °C, of which the remaining weight was assigned

to chromium oxide after combustion. In addition, the weight loss

of MIL-101(Cr)@3D-rGO(1:1) and MIL-101(Cr)@3D-rGO(1:2) are 67

wt% and 49 wt%, respectively, which proved that as the proportion

of 3D-rGO increased, the thermal stability of the composite mate-

rial was enhanced. At the same time, the composite material can

keep the skeleton intact under 360 °C, which can be used for the

catalytic reaction of cellulose.

The XPS survey spectra of the as-prepared MIL-101(Cr)@3D-

rGO(1:1) were detected in Fig. S3 (Supporting information). The

photoelectron peaks of main elements on the surface of MIL-

101(Cr)@3D-rGO(1:1) appeared at the binding energies of 284 eV

(C 1s), 534 eV (O 1s) and 578 eV (Cr 2p), respectively, confirm-

ing the presence of MIL-101(Cr) on the framework of 3D-rGO. The

binding energy at 289.1 eV and 284.5 eV of C 1s can be assigned to

C=O and C=C, respectively. Among them, the C=C peak is mainly

attributed to 3D-rGO, and the C=O peak is mainly MIL-101(Cr). The

presence of hydroxyl and epoxy C–O was not observed at 286.5 eV,

indicating that the reduction effect of 3D-rGO was relatively obvi-

ous and the network composition of graphene was mainly C=C.

The Cr 2p XPS spectrum showed two main peaks appeared at

586.97 eV and 577.10 eV corresponding to Cr 2p1/2 and Cr 2p2/3,

respectively, confirming the embedded Cr in MIL-101(Cr) [22]. The

binding energy of 531.5 eV was due to the coordination of Cr atom

with the carboxyl oxygen to form Cr–O. The XPS results showed

that MIL-101(Cr) was successfully in situ synthesized within 3D-

rGO matrix. The Raman spectroscopy spectrum of the as-prepared

MIL-101(Cr)@3D-rGO(1:1) was shown in Fig. S4 (Supporting infor-

mation). The characteristic D band at 1348 cm−1 was the disor-

dered vibration peak of graphene, indicating the exist of defect on

the surface of 3D-rGO. The main characteristic peak G of graphene

at 1583 cm−1 was caused by the in-plane vibration of sp2 carbon

atoms. The peaks of 2590 cm−1 and 2700 cm−1 are 2D bands of

graphene, which is a combination of G’ peak and D’ peak. The ID/IG
of MIL-101(Cr)@3D-rGO is 1.04, indicating that there are more de-

fects in 3D-rGO for MIL-101(Cr) synthesis in situ.

The pore sizes and specific surface areas of different as-

prepared catalysts samples were measured and shown in Fig. S5

(Supporting information) and Table S1 (Supporting information).

MIL-101(Cr) had a high N2 adsorption capacity and exhibited a

mesoporous structure with a pore diameter of 4.728 nm, while 3D-

rGO was macroporous and the average pore diameter was 2.420

μm. Meanwhile, the MIL-101(Cr)@3D-rGO exhibited a significant

decrease of porous surface area with the increase of MIL-101(Cr)

loading levels compared with MIL-101(Cr) (2575 m2/g) and 3D-rGO
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Fig. 3. Catalytic degradation of cellulose by different catalysts (reaction conditions were 200 °C, 1 h, 0.1 g of catalyst dosage) (a). Effect of reaction time and reaction

temperature of MIL-101(Cr)@3D-rGO(1:1) on cellulose conversion products (b). Effect of the catalyst dosage on the conversion products of cellulose (reaction conditions were

200 °C, 1 h) (c). Circulation experiment of MIL-101(Cr)@3D-rRGO(1:1) catalyst (d). XPS spectrum of the recovered MIL-101(Cr)@3D-rGO(1:1) composite catalyst after 5 cycles

of experiment (e). Cr content in leachate of different catalysts (f).

(1774 m2/g). The appreciable decreases in surface area indicated

that the pore surface of 3D-rGO and MIL-101(Cr) were presumably

occupied by each other and the cage structure MIL-101(Cr) was

successfully interwoven with the 3D network of rGO. The porous

structure of MIL-101(Cr)@3D-rGO facilitated full exposure of the

acidic sites of Cr, which greatly enhanced their contact with the

cellulose solution penetrating into the 3D-rGO matrix and thus im-

proved catalytic property for cellulose conversion.

The cellulose conversion performance catalyzed by four com-

posite catalysts were shown in Fig. 3a. The target product was

small molecule acid such as FA and AA, which could be directly

detected by HPLC. It could be observed that the all as-prepared

catalysts had obvious catalytic property for cellulose degradation,

of which MIL-101(Cr)@3D-rGO(1:1) was the best. The product con-

centration of FA obtained from the degradation of cellulose for

1 h catalyzed by different materials was 0.0044 g/mL for no cat-

alyst, 0.0067 g/mL for pure MIL-101(Cr), 0.0062 g/mL for pure 3D-

rGO, 0.0572 g/mL for MIL-101(Cr)@3D-rGO(1:1) and 0.0102 g/mL

for MIL-101(Cr)@3D-rGO(1:2), respectively. According to the orig-

inal content of cellulose in the uniform cellulose solution (0.06

g/mL), the FA conversion rates catalyzed by different catalysts were

calculated to be 7.3%, 11.1%, 10.3%, 95.4% and 16.9%, respectively.

Similarly, the product concentration and conversion rates of AA

were 0.0013, 0.0014, 0.0015, 0.0019, 0.0026 g/mL and 2.1%, 2.3%,

2.4%, 3.1%, 4.3%, respectively. Without catalyst, the total conversion

rates of obtained FA and AA was only 9.40%, and the HPLC peak

(Fig. S6 in Supporting information) was relatively complicated in-

dicating that there were many other by-products. When the degra-

dation was catalyzed by pure 3D-rGO and MIL-101(Cr), the amount

of FA was still low, while the conversion rates of AA was increased

slightly and the total conversion rates of FA and AA was 13.60% and

13.45%, respectively. For MIL-101(Cr)@3D-rGO(1:1), the conversion
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rates of FA had an amazing increase to reach a maximum of 95.35%

while the total conversion rates of all the products reached 98.48%.

This indicated that the composite material with proper amount of

3D-rGO and MIL-101(Cr) could present a synergistic effect, with

which the cellulose solution would be converted to FA efficiently.

In the composite catalyst, MIL-101(Cr) promoted cellulose conver-

sion to FA and the addition of an appropriate amount of 3D-rGO

inhibited the production of by-products [17]. Moreover, an appro-

priate amount of 3D-rGO doping in the composite catalyst could

contribute to the dispersion of MIL-101(Cr), making the acidic site

of Cr in MIL-101(Cr) sufficiently contact with the cellulose alkaline

solution. However, when the 3D-rGO was excessively doped, the

acidic sites of Cr in the composite catalyst reduced, which is in-

sufficient for the efficient degradation of cellulose and resulted in

the conversion rates of FA and the total conversion rates of cellu-

lose catalyzed by MIL-101(Cr)@3D-rGO(1:2) drastically dropped to

16.99% and 21.26%. Therefore, the MIL-101(Cr)@3D-rGO(1:1) com-

posite possessed the best degradation rate and selectivity for the

conversion of homogeneous cellulose. The comparation of the cel-

lulose conversion performance catalyzed by the as-prepared MIL-

101(Cr)@3D-rGO(1:1) with the other reported catalysts were listed

in Table S2 (Supporting information). It can be seen that MIL-

101(Cr)@3D-rGO(1:1) can efficiently decompose cellulose into a

small molecular acid in an alkaline system at a relatively mid tem-

perature and has great advantages in cellulose conversion reaction.

The effect of reaction time and temperature on cellulose degra-

dation products were described in Fig. 3b. As the time increased

from 0.5 h to 2 h, the conversion rates of FA at 50 °C and 100

°C was continuously increased from 1.883% and 31.83% to 3.850%

and 53.33%, respectively. When the degradation temperature rises

to 150 °C and 200 °C, the produced FA conversion rates reached

maximum at 1 h. Continued to prolong reaction time will result in

a decrease in FA production, which was attributed to the decom-

position of FA into carbon dioxide and hydrogen at temperatures

above 150 °C. It is obvious that the hydrolysis temperature is the

dominant influencing factor to convert cellulose into FA using MIL-

101(Cr)@3D-rGO(1:1) as catalyst, whereas reaction time has little

effect [23]. But for AA, the conversion rates did not change sig-

nificantly with hydrolysis temperature or time, which remained at

around 4% and reached a maximum of 6.36% at 50 °C, 2 h (Figs.

S7-S9 in Supporting information). It is clear that in the presence of

the as-prepared composite catalyst, the conversion rate of FA could

be greatly improved under certain time and temperature condi-

tions, which implies that we can achieve high conversion selectiv-

ity of FA by adjusting hydrolysis temperature and time using MIL-

101(Cr)@3D-rGO(1:1) as catalyst.

The effect of the amount of catalyst on the degradation of cel-

lulose was shown in Fig. 3c. As the dosage of the catalyst increas-

ing, the conversion rates of FA enhanced slightly, while the conver-

sion rates of AA declined, resulting in the overall change exceed no

more than 1%, which indicated that the dosage of the catalyst had

slight impact on cellulose conversion.

Recyclability is one of the criteria for evaluating the pros and

cons of the catalyst. The composite of MIL-101(Cr)@3D-rGO not

only showed excellent catalytic property, but also exhibited more

conducive to recycling. Thus, cycle experiment were conducted to

evaluate the reusability MIL-101(Cr)@3D-rGO and the results were

shown in Fig. 3d. After repeated usages for 3 times, the conversion

rates of FA decreased slightly from 95.05% to 85.16% and the total

conversion rates decreased by 9.89%. Repeated catalytic processes

may cause the MIL-101(Cr) acidic sites to be entrapped by carbon

deposits, resulting in a decrease in catalytic performance. How-

ever, after repeated use of four times, the total conversion rates of

small molecule acid is still 83.26%, which exhibited the excellent

recycling property of the as-prepared composite catalyst. Fig. 3e

showed the XPS spectra of the composite catalyst after five cycles

Fig. 4. The potential degradation pathways of cellulose.

experiments, compared to the XPS pattern of the catalyst before

the catalytic experiment (Fig. S3), the Cr 2p2/3 peak at 577.10 eV

and the C=O peak at 289.1 eV showed a slight decrease. This is

attributed to the fact that after the catalyst is catalyzed, some car-

bon deposits adhere to the surface of the material and affect the

catalytic strength of the acidic sites of Cr. The newly occurring hy-

droxyloxy peak at 536.23 eV may be derived from a cellulose alka-

line solution [24,25].

To evaluated the stability and environmental safety of the com-

posite catalyst, the emission of chromium during the reaction pro-

cess was determined (Fig. 3f). When the pure MIL-101(Cr) was

used as catalyst, a large amount of chromium ion leakage was

detected. But for MIL-101(Cr)@3D-rGO, chromium ion leaching of

the composite catalyst is significantly reduced with the increase of

the proportion of 3D-rGO, and the chromium concentrations were

lower than the national wastewater discharge standard (GB-8978–

1996). So, the composite with 3D-rGO not only enhances the cat-

alytic performance of the catalyst, but also enhances the stability

of MIL-101(Cr).

Since cellulose is formed by the linkage of glucose through

a 1,4-β-glycosidic bond through hydrogen bonding, there are re-

peated 1,4-β-glycosidic bonds and complex hydrogen bonding net-

works inside the cellulose, which limits the dissolution and degra-

dation of cellulose. In this study, after dissolving cellulose in an

alkaline aqueous solution with sodium hydroxide solution, each

cellulose chain is surrounded by sodium hydroxide, which makes

the hydrogen bond network inside the cellulose being destroyed

[26]. Thus, as the catalyst is present, the cellulose macromolecule

is decomposed into small molecule glucose under the action of Cr

acidic site. In the catalytic process, Cr acid site of the composite

catalyst accepts electrons, the glucose molecule loses electrons and

the chain is progressively decomposed to glycolaldehyde, glyoxylic

acid, oxalic acid and finally obtain FA. Or, glucose is converted to

glycerol by hydrolysis, then AA was obtained by further hydrolysis

through levulinic acid. The potential conversion pathways of cellu-

lose was shown in Fig. 4 and Fig. S10 (Supporting information).

In the present research, a new composite catalyst MIL-

101(Cr)@3D-rGO(1:1) was synthesized by in-situ synthesis and

used for the efficient degradation and conversion of wheat straw

cellulose. The MIL-101(Cr) with about 300–400 nm were tightly

wrapped inside the 3D-rGO matrix and the acidic site of Cr pro-

vided a catalytic possibility for cellulose degradation. When the

cellueous was catalyzed by MIL-101(Cr)@3D-rGO(1:1) at 200 °C
for 1 h, an ultra-high FA conversion rate (95.36%) could be ob-

tained. Compared with the present catalysts, MIL-101(Cr)@3D-rGO

prepared in this study could possess great potential in the ener-

gization of biomass.
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[21] R. Bulánek, P. Čičmanec, J. Kotera, I. Boldog, Catal Today 324 (2019) 106–114.
[22] Y. Li, S.F. Li, Int. J. Hydrogen Energ. 4 (2019) 10433–10441.

[23] L. Yan, J.D. Xu, T.T. Duan, B. Zhao, Y. Fan, J. Taiwan Inst. Chem. 99 (2019)
201–206.

[24] Y. Kojima, M. Takayasu, M. Toma, S. Koda, Ultrason. Sonochem. 51 (2019)

419–423.
[25] L. Nirumand, S. Farhadi, A. Zabardasti, A. Khataee, Ultrason. Sonochem. 42

(2018) 647–658.
[26] A.Sharma M.Thakur, V. Ahlawat, Mater. Sci. Energy Technol. 3 (2020) 328–334.

2578


