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A facile method is developed for the large-scale growth of hierarchical transition-metal (Cu, Fe, 

and Ni) vanadate nanosheets on corresponding metal mesh as supports. The hierarchical 

transition-metal vanadate nanosheets were in-situ grown on the metal meshes through an 

orientational etching process and simultaneous nucleation and growth process. Interestingly, the 

morphologies of the vanadate nanosheets are governed by the balance between dissolution rate 

and nucleation rate. Thus, the sizes and the thicknesses of the nanosheets could be facilely 

controlled by the reaction duration, the acidity of the solution and the concentration of vanadate 

precursor. Furthermore, the hierarchical transition-metal vanadate nanosheets supported on 

metal meshes are used as monolith catalysts for the selective catalytic reduction (SCR) of NO 

with NH3. The iron mesh based monolith catalyst shows excellent de-NOx performances with 

high efficiency and stability in the presence of SO2 and H2O, which provide a promising monolith 

de-NOx catalyst for stationary source at medium temperatures. 

 

1. Introduction 

Hierarchical nanostructures have been attracting sustained 

attention in the applications of catalysis,1-3 solar cells,4,5 

photocatalytic reactions,6-8 lithium batteries,9-12 

supercapacitors13-15 and capacitive deionization16,17 due to the 

following outstanding properties. Firstly, the interspace existed 

in the hierarchical nanostructures is favorable to the diffusion 

of the ions in solution or the molecular in gas. Secondly, the 

close connections of different parts of the hierarchical 

nanostructures make them favorable for the transfer of the 

carriers like electrons and holes. Moreover, special crystalline 

facet might be exposed over those monocrystalline 

nanostructures and is beneficial to the surface reactions. In this 

regards, flowerlike nanostructures,6,18 dendritic 

nanostructures,7,19 spherical structures20 etc. have been 

successfully achieved so far and exhibited excellent 

performances in various applications. For example, some recent 

efforts have demonstrated that those hierarchical nanostructures 

preserved their unique properties and were much closer to real 

applications when they were assembled on metal supports.21-23 

The controlled fabrication of different hierarchical 

nanostructured materials on different metal substrates and the 

development of new applications are therefore of great interest.  

Transition-metal vanadate nanostructures have recently been 

reported as very active materials in various applications 

including high energy density lithium batteries,24-26 sensors,27 

catalysis28-33 etc. It has been demonstrated that the 

performances of those vanadates are significantly related to the 

morphology besides their intrinsic physical and chemical 

properties. For example, CuV2O6 nanowires showed enhanced 

electrode kinetics and higher discharge capacity compared with 

the bulk particles due to the shorter diffusion route and larger 

surface area for lithium intercalation.25 It also has been reported 

that the metallic substrates supported Fe2V4O13 nanoribbons 

were much more convenient for the post-treatment and 

recycling process during the photocatalytic reactions compared 

with the powder counterparts.34 It is understandable that the 

diffusion of the reactive mediums is significant in the 

applications of lithium batteries, sensors and catalysis and 

might be beneficial from the hierarchical nanostructures. 

However, the mostly reported morphologies of the transition-

metal vanadates are nanorods,35-37 nanowires,38 nanotubes,39,40 

nanobelts,25 nanosheets,41-43 and etc. The fabrication of 

hierarchical transition-metal vanadate nanostructures, 

especially assembled on metal supports, is still a big challenge.  

Selective catalytic reduction (SCR) has been proved to be the 

most effective way to control the emission of NOx which is one 

of the major air pollution causing photochemical smog, acid 

rain and ozone depletion.44,45 Some recent studies indicated that 

metal wire meshes might be as an alternative support to achieve 

fast inter-phase mass transfer rates, good mechanical strength 
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and dust tolerance, due to their controllable mass transport, 

good thermal, mechanical properties and etc. 3,21 However, the 

traditional wash-coating method is hard to make the active 

components uniformly dispersed and fixed, especially hard to 

preserve the components with specific morphologies, over the 

metal supports. Therefore, the development of new methods for 

the steady and uniform loading of specific active components 

over the metal supports is still a big challenge. 

 
Fig. 1.  A flow-process diagram of the preparation and application for SCR 

reaction of the hierarchical transition-metal vanadate nanosheets prepared on 

metal mesh. The copper meshes with the sizes of 3 cm × 25 cm were firstly in-

situ grown with the hierarchical vanadate nanostructures through a simple 

hydrothermal method. The obtained metal meshes were then annealed, forming 

the hierarchical transition-metal vanadate nanosheets decorated metal supports. 

For the catalytic application, the samples were rolled up and inserted into a 

quartz tube for the SCR of NOx. 

Herein, we reported a facile and general method to in-situ 

grow hierarchical transition-metal vanadate nanosheets on 

various metal (Cu, Fe and Ni) supports. As illustrated in Fig. 1, 

the hierarchical nanostructures decorated on large-scale metal 

supports could be obtained through a simple hydrothermal 

reaction and the followed calcination process. The sizes and the 

thicknesses of the nanosheets could be controlled by adjusting 

the reaction duration, the acidity of the solution and the  

concentration of vanadate precursor. It was also demonstrated 

that the metal supports could be easily scaled up through 

changing the size of the Teflon-lined stainless steel autoclave. 

For example, the copper meshes of 3 cm × 25 cm could be 

scaled up to 5 cm× 25 cm by changing the size of Teflon-lined 

stainless steel autoclave from 50 ml to 100 ml during the 

hydrothermal reactions. Base on this property and the flexibility 

of the metal supports, we used the metal meshes decorated by 

the hierarchical transition-metal vanadate nanosheets as 

monolith catalysts for the selective catalytic reduction (SCR) of 

NO with NH3 for the first time.  

2. Experimental Section  

2.1 Synthesis of hierarchical transition-metal vanadate 

nanosheets 

All the reagents were purchased from Sinopharm Chemical 

Reagent Co. Ltd (China) and were used without further 

purification. Copper mesh (80 meshes), iron mesh (60 meshes), 

nickel mesh (60 meshes) and copper foil were purchased from 

Shanghai Fine Sieving Filtrating Equipment Co., LTD. Copper 

foam was purchased from Alantum Advanced Technology 

Materials (Dalian) Co. Ltd. Before use, the metal supports were 

cut in the desired size and then pretreated with 0.1 M HCl 

aqueous solution, ethanol and deionized (DI) water 

successively upon ultrasonic vibration to remove the grease and 

oxides. The vanadate hierarchical architectures were in-situ 

prepared on the metal supports through a simple hydrothermal 

method. In a typical process, 1.5 mmol of NH4VO3 was first 

dissolved in 40 mL of hot DI water in the 

polytetrafluoroethylene (PTFE) lining (50 mL). The cleaned 

metal supports were then immersed into the solution and the 

lining was transferred to a Teflon-lined stainless steel autoclave 

for 24 h hydrothermal reaction under 180 oC. After the reaction, 

the autoclave was cooled down naturally to room temperature. 

The obtained products were washed with DI water and ethanol 

for several times. Finally, the products were dried at 80 ℃ for 

12 h and calcined in air at 450 oC for 2 h with a ramping rate of 

2 oC/min. To adjust the acidic property of the solution, acetic 

acid (0.1 M) with different amount were added into the 

NH4VO3 solution. The total volume of the solution fixed to 40 

mL. 

2.2 Materials characterization 

The morphologies were characterized by a scanning electron 

microscopy (SEM, JEOL, JSM-6700F), a transmission electron 

microscope (TEM, JEM-200CX) and a field emission high 

resolution transmission electron microscope (HRTEM, JEM-

2100F). Powder X-ray diffraction (XRD) was performed with a 

Rigaku D/MAX-RB X-ray diffractometer by using Cu Kα (40 

kV, 40 mA) radiation and a secondary beam graphite 

monochromator. Thermogravimetric analysis (TGA, 

SHIMADZU DTG-60H) was used to investigate the thermal 

decomposition behavior of the samples. The temperature was 

increased from room temperature to 900 oC at a rate of 10 
oC·min-1.  

2.3 Catalytic activity measurements  

The SCR activities were test in a fixed-bed quartz micro-reactor 

(i.d. 7 mm) operating in a steady state flow mode. The typical 

reactant conditions were as follows: 0.4g catalysts (40-60 

mesh), 550 ppm NO, 550 ppm NH3, 3% O2, 10% H2O (when 

used) and balance N2. The total flow rate was 500 mL/min 

leading to a gas hourly space velocity (GHSV) of 26000 h-1. 

The temperature was increased from 100 to 400℃ step by step. 

At each temperature step the concentrations of NO, N2O and 

NH3 were recorded when the SCR reaction reached steady state 

after 15 min. The concentrations of NO in the inlet and outlet 

gases were measured by a KM9106 flue gas analyzer. The 

concentrations of N2O and NH3 were measured by a 

Transmitter IR N2O analyzer and IQ350 ammonia analyzer.  

The NO conversion and N2 selectivity were calculated 
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according to the following equations (1) and (2). In equation (2), 

both NO and NO2 were included in NOx. 

%100
 [NO]

 [NO]- [NO]
(%) Conversion  Ν Ο

in

outin
   (1) 

𝑺𝑵𝟐
= (𝟏 −

𝟐[𝐍𝟐𝐎]𝐨𝐮𝐭
[𝐍𝐎𝐱]𝐢𝐧+[𝐍𝐇𝟑]𝐢𝐧−[𝐍𝐎𝐱]𝐨𝐮𝐭−[𝐍𝐇𝟑]𝐨𝐮𝐭

 ) × 𝟏𝟎𝟎%                  (2) 

 
Fig. 2 FESEM images and HRTEM images of different hierarchical transition-metal 

vanadate nanosheets prepared on copper mesh (a-d) and iron mesh (e-h). The 

insets in c, d and h are the amplified FESEM image and SAED patterns, 

respectively. 

3. Results and discussion 

3.1 Fabrication of the hierarchical transition-metal vanadate 

nanosheets 

In the present work, a simple hydrothermal reaction and the 

followed calcination process were applied to in-situ grow 

vanadate nanostructures over different metal supports. Field-

emission scanning electron microscopy (FESEM) images (Fig. 

2 a-b, e-f) clearly show that the metal (Cu, and Fe) vanadates 

are in the form of nanosheets assembled hierarchical  

nanostructures and uniformly cover on all the metal  supports. 

The copper vanadate nanosheets are in the form of square and 

closely assembled to flowerlike architectures (Fig. 2c and the 

inset). The sizes are in the range of several micrometers to 

dozens of micrometers, while the thickness is about 100 nm-1 

μm. The iron vanadate nanosheets are not so uniform and their 

sizes are larger compared with that of the copper vanadate 

nanosheets (Fig. 2f, g), but they all grow on the metal skeletons 

to form a uniform structure (Fig. 2e). We also found that the 

morphologies of the hierarchical copper vanadate 

nanostructures can be kept on different shapes of the metal 

supports under similar preparation conditions. For example, 

square nanosheets assembled beautiful flowerlike architectures 

were obtained on copper meshes (Fig. 2 a-c), copper foil (Fig. 

S1 a-c,) and copper foams (Fig. S1 d-f). On the other hand, the 

vanadates assembled nanostructures can also be obtained on Ni 

mesh (Fig. S2). Although their morphologies more like 

nanobelts rather than like nanosheets. Those results 

demonstrate that the developed hydrothermal method is 

versatile for the preparation of hierarchical transition-metal 

vanadate nanosheets on different transition-metal supports, and 

all the ordered hierarchical nanostructures are in a highly open 

structure which is favorable for the diffusion of the reactants in 

catalytic reactions. 

The crystallographic structures of the hierarchical transition-

metal vanadate nanosheets were further studied by X-ray 

diffraction (XRD) and selected-area electron diffraction 

(SAED). Fig. 3 (a) indicates that almost all the diffraction peaks  

 
Fig. 3 XRD patterns of different hierarchical transition-metal vanadate 

nanosheets prepared on copper mesh (a) and iron mesh (b) after heat treatment. 

 
Fig.4 Elemental mapping images of different hierarchical transition-metal 

vanadate nanosheets prepared on copper mesh (a-d) and iron mesh (e-h). 

can be assigned to triclinic CuV2O6 (JCPDFS card no. 74-2117), 

expect for the three typical peaks (2θ of 43.3°, 50.4° and 74.1°) 

originated from the copper substrate. For the iron support, all 

the diffraction peaks can be assigned to orthorhombic 

Fe0.11V2O5.15 (JCPDFS card no. 82-1871). Interestingly, we also 

found that the vanadate nanosheets were in the form of 

monocrystalline as demonstrated by the SAED patterns (the 

insets in Fig. 2d and h) with the form of diffraction spots. The 

SAED patterns in Fig. 2d can be indexed to the [112] zone axis 

of triclinic CuV2O6. The HRTEM images (Fig. 2 d, h) also 

show the (-1-11) lattice fringes (0.3 Ǻ) of the Cu2VO6 

nanosheets and the (310) lattice fringes (0.24 Ǻ) of the 

Fe0.11V2O5.15 nanosheets.  

The spatial distributions of the elements were further 

illustrated by the elemental mapping. Fig. 4 a-d show that the 

elements of Cu, V and O are well-distributed on the copper 

support. Fig. 4 e-h show that the elements of V and O are well-

distributed on all the iron support, but the iron is not so clear 

due to the small ratio of Fe element in the orthorhombic 

Fe0.11V2O5.15. However, this result demonstrates that the 

Fe0.11V2O5.15 nanosheets covered all the Fe support, otherwise 

the iron skeleton would be detected. The well-distributed metal 

elements over the whole metal support would provide even 

active sites and is significant to the catalytic reactions.  
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The N2 sorption was performed to detect the surface area and 

porous structure of CuV2O6 and Fe0.11V2O5.15. The obtained 

nitrogen adsorption–desorption isotherms are shown in Fig. S3. 

It was found that both the catalysts show a type II isotherm, 

indicative of large amount of macropores in the catalysts. The 

surface areas and pore volumes of CuV2O6 and Fe0.11V2O5.15 

were 7.01 and 26.7 m2/g, 0.03 and 0.21 cm3/g, respectively. 

SEM images (Fig. S4d and e) further indicate that pores were 

obviously observed over annealed Fe0.11V2O5.15 nanosheets but 

not over annealed CuV2O6 nanosheets. This result is in 

accordance with the N2 sorption results. Therefore, the 

Fe0.11V2O5.15 may have better catalytic performance than 

CuV2O6 due to the larger surface area. 

 
Fig.5 Morphological evolution of the hierarchical transition-metal vanadate 

nanosheets prepared on copper mesh at different synthesis stages of 1h (a, d), 

2h (b, e) and 3h (c, f). 

3.2 Formation mechanism of the hierarchical transition-metal 

vanadate nanosheets 

Up to now, since the hierarchical transition-metal vanadate 

nanosheets over metal supports have rarely been reported, the 

formation mechanism would be of great interesting. Here we 

chose copper vanadate on copper mesh as the model to study 

the formation mechanism. Firstly, the thermal analysis (Fig. 

S3a) indicates that the copper vanadates have two obvious steps 

of weight loss ranging from 100 to 200 °C and 200 to 320 °C, 

which correspond to two steps of water molecule loss, namely 

the loss of absorbed water and lattice water, respectively.46,47 

This is a typical behavior for the vanadates hydrates. Above 

400 °C, there is a slight increase of the weight which is 

probably due to the oxidation of copper scraped off from the 

metal supports. Similar behavior was also observed over the 

iron mesh (Fig. S4a). It is also found out that the surface of the 

vanadate nanosheets over copper support become rough after 

annealing (Fig. S4b-d). It is therefore concluded that the 

crystalized copper vanadates were obtained through the 

formation of hydrates during the hydrothermal reaction and the 

followed dehydration and crystalization process during the heat 

treatment process.  

The evolution of morphologies with different hydrothermal 

durations was further studied by FESEM. Fig. 5a-c indicates 

that the sizes of the nanosheets constantly decrease with the 

increase of hydrothermal duration from 1h to 3h. The detailed 

changes of the nanosheets are carefully indicated by the high 

magnification SEM images (Fig. 5d-f). Fig. 5d indicates that 

the size of the first formed nanosheets at 1 h achieves hundreds 

of micrometer. Interestingly, the side faces of the nanosheets 

are obviously etched as indicated by the white arrows. With 

hydrothermal reaction going on, the side faces are continuously 

etched (white arrows in Fig. 5e), leading to the formation of 

thin nanosheets (black arrow in Fig. 5e). After 3 hours of 

reaction, the etching process is not over yet (white arrow in Fig.  

 
Fig.6 Schematic illustration of the formation processes occurring at different 

stages which lead to the of hierarchical transition-metal vanadate nanosheets. 

5f), but most of the formed nanosheets are assembled to 

uniformly arranged hierarchical structures. Here, the nanosheets 

are in the form of interlaced structure which is probably due to 

the new nucleation and growth process as indicated by the 

black arrow in Fig. 5f. Therefore, it is deduced that the 

orientational etching and new nucleation lead to the formation 

of hierarchical nanostructure. Remarkably, a similar etching 

process was also observed in the formation of iron vanadate 

nanosheets (Fig. S5 a,b). 

Combined with the above results and discussion, the 

formation process of the hierarchical transition-metal vanadate 

nanosheets was proposed in Fig. 6. Before hydrothermal 

reaction, the vanadium source is in the form of VO3
- and the 

transition-metals are in the form of metal supports (Fig. 6 I). 

With hydrothermal reaction started, the metal starts to dissolve 

into the solution as ions which are quite easy to nucleate with 

the vanadates under the hydrothermal conditions (Fig. 6 II). 

During this period, the dissolution of the metal support is very 

quick due to that the metal surface is exposed and directly 

contacted with the solution. Meanwhile, the concentration of 

vanadates is also high enough to lead to the fast nucleation and 

growth of metal vanadates. Big vanadate sheets in the 

micrometer range are formed during this period (Fig. 6 III). 

However, the big vanadate sheets are not stable. The side 

surfaces are easy to be orientationally etched probably due to 

the high surface energy (Fig. 6 IV). With reaction going on, the 

constant etching process leads to the formation of thin 

nanosheets. Meanwhile, the dissolved ions again nucleate and 

grow on the formed nanosheets or the metal supports to form 

new nanosheets (Fig. 6 V). Finally, nanosheets assembled 

hierarchical structures are formed and covered all the metal 

skeletons (Fig. 6 VI). Although the vanadate nanosheets still 
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suffer the circulation of dissolution and new nucleation and 

growth, the rate is much lower due to the exhaustion of 

vanadate precursor and the slow dissolution of the metal 

supports which are covered by vanadate nanosheets. 

According to the above proposed mechanism, the rates of 

dissolution, nucleation and growth are the main processes that 

involved in the formation of nanosheets. It is feasible to adjust 

the morphologies (e.g. size and thickness) of the nanosheets 

simply through changing the relative rates of dissolution and 

nucleation. If the rate of dissolution is higher than the rate of 

nucleation, the formed nanosheets should be much smaller and 

thinner. For example, if we further increase the hydrothermal 

duration to 72 h (Fig. S6 a-c), the size and thickness obviously 

decreased due to the decrease of dissolution rate as described 

above. On the other hand, the nanosheets with smaller sizes can 

also be obtained by either increasing the amount of acid to 

increase the rate of dissolution or decreasing the concentration 

of vanadate precursor to decrease the rate of nucleation. 

Corresponding results (Fig. S7 a-f and Fig. S8 a,b) show that 

the size and thickness of the nanosheets also decreased. On the 

opposite, the size and thickness of the nanosheets can also 

increase with the increase of nucleation rate through increasing 

the concentration of vanadate precursor as illustrated in Fig. S8 

c and d.  

3.3 De-NOx performance of hierarchical transition-metal 

vanadate nanosheets 

Above results have demonstrated that the hierarchical 

transition-metal vanadate nanosheets with different sizes on 

different metal supports can be controllably prepared through 

the simple hydrothermal-calcination method. In fact, the 

uniform structures can be prepared in large scale and are 

scalable as illustrated in Fig. 1. For example, the copper meshes 

of 3 cm × 25 cm could be scaled up to 5 cm× 25 cm by 

changing the size of Teflon-lined stainless steel autoclave from 

50 ml to 100 ml during the hydrothermal reactions. The 

vanadate nanosheets assembled hierarchical nanostructures 

were grown very uniform on the whole metal meshes.  

Since the metal supports are easily to be curled or to be cut 

into different shapes, they can be directly used as devices in 

practical applications. FeVO4 has recently been reported to hold 

the promising as NH3-SCR catalyst for NOx removal both in 

stationary sources and diesel engines due to its high activity and 

stability.32 It also has been reported that the metal meshes or 

foams are excellent supports for SCR monolith catalysts due to 

their controllable mass transport, good thermal and mechanical 

properties.3,21 In this work, we curled the iron meshes which are 

decorated by hierarchical transition-metal vanadate nanosheets 

to form monolith catalysts to explore their application in SCR 

reactions of NOx removal. Notably, the thickness of the 

obtained catalyst is related to the hydrothermal reactions, we 

only used the hierarchical nanostructure assembled by single 

layer of vanadate nanosheets for the following catalytic 

application. 

 Fig. 7a shows that the temperature window (the temperature 

range at which the conversion of NO is higher than 80%) for 

the iron mesh based monolith catalyst ranges from 260 to 

360 °C. The selectivity towards N2 was measured with the 

increase of reaction temperature. Fig.7a indicates the N2 

selectivity was stable and above 98% below 325 °C, indicating 

that the catalyst worked quite well during this temperature 

range. However, the N2 selectivity decreased quickly when the 

reaction temperature increased to above 325 °C. This might 

also be the reason that causes the decrease of NO conversion 

 

 

Fig. 7 The performance of hierarchical iron vanadate nanosheets prepared on 

iron mesh in the application of SCR of NO with NH3. (a) NO conversion and N2 

selectivity as a function of temperature, (b) stability test at 300 °C for 60 h and (c) 

SO2/H2O durability test. The experiments were performed in the feed gas of 500 

mL/min total rate, 500ppm NO, 500ppm NH3, 5%O2, and N2 balance, 

GHSV=26000h-1. 200ppm SO2 and 8% H2O were introduced for the SO2/H2O 

durability test. 

above 325 °C. It has been well demonstrated that the true active 

sites for FeVO4 was the surface enriched VOx species.48 We 

also estimated the specific turnover frequency (TOF) of the 
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hierarchical iron vanadate nanosheets at different temperatures 

as shown in Table S1. It was found out that the TOFs range 

from 16.56-29.52 h-1 during 150-225°C. The reported specific 

TOFs of vanadia-titania xerogels range from 0.9-18 h-1 during 

150-227°C.49 It seems that the hierarchical iron vanadate 

nanosheets showed better activity compared with the most 

reported vanadia-titania SCR catalyst, which is probably 

attributed to the specific morphologies and the fast inter-phase 

mass transfer rates. Fig. 7b shows that the conversion of NO 

over the iron mesh based monolith catalyst was kept about 90% 

in 60 h, indicating that the catalyst was quite stable. Besides, 

since certain amounts of SO2 (30–2000 ppm) and H2O (2–15 

vol%) usually exist in the exhaust and may poison the catalyst 

due to the adsorption of SO2 and water on the catalyst surface, 

the effect of H2O and SO2 on NO conversion over the monolith 

catalyst was further studied in a feed stream containing 200 

ppm SO2 and 8 vol% H2O. Fig. 7c shows that the NOx 

conversion almost didn’t change with the simultaneous addition 

and removal of SO2 and H2O. This result demonstrates that the 

iron mesh based monolith catalyst is highly resistant and 

reversible to both SO2 and H2O. Therefore, the iron vanadate 

assembled iron mesh is a promising candidate of de-NOx 

monolith catalysts for stationary source at medium 

temperatures.  

4. Conclusions 

A facile method is developed for large-scale growth of 

hierarchical transition-metal (Cu, Fe, and Ni) vanadate 

nanosheets on corresponding metal meshes as supports via a 

hydrothermal method and afterward calcination process. Those 

nanosheets are in the form of monocrystalline and are formed 

through an orientational etching process and simultaneous 

nucleation and growth process. The morphologies of the 

hierarchical nanostructures could be controlled by adjusting the 

balance between dissolution and nucleation rates, such as 

changing the reaction duration, the acidity and the 

concentration of vanadate precursor. The size of the metal 

supports could be easily scaled up by changing the size of 

Teflon-lined stainless steel autoclave. The iron vanadate 

nanosheets assembled hierarchical architectures on iron meshes 

are found effective, highly resistant and reversible to both SO2 

and H2O when they are used as monolith catalysts for SCR of 

NOx. Therefore, the iron vanadate assembled iron mesh is a 

promising candidate of de-NOx monolith catalysts for 

stationary source at medium temperatures. Besides, we believe 

the new developed metal supports loaded vanadate 

nanostructures might be useful in other applications like 

photocatalysis and lithium batteries.  
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