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A simple hydrothermal method was applied to controllably synthesize porous FeVxOy one-dimensional 

(1-D) nanostructures. The length of the 1-D nanostructures could be tuned from several micrometers to 

several millimeters. The formation process of the porous FeVxOy 1-D nanostructures can be summarized 

into four steps, namely dissolution, anisotropic growth, ostwald ripening and dehydration. It was found 

that the pore sizes decrease with the increase of pH values while the surface areas increase with the 10 

increase of pH values. Finally, the porous FeVO4 nanorods were found very active and stable in the 

application of selective catalytic reduction of NO with NH3. 

Introduction 

Transition-metal vanadates nanostructures have recently 

attracted extensive attention attributed to their wide range of 15 

applications in high energy density lithium batteries, sensors 

and catalysis.1-4 Vanadate 1-D nanostructures in the form of 

nanorods,5-10 nanowires,11-13 nanobelts14-17 and nanotubes18-20 

were successfully prepared and exhibited excellent 

performances in different applications due to their 20 

morphology related effect in both physical and chemical 

properties. For example, CuV2O6 nanowires showed higher 

discharge capacity and enhanced electrode kinetics 

compared with the bulk particles due to the larger surface 

area and shorter diffusion route for lithium intercalation.21 25 

Therefore, the controllable preparation of the transition-

metal vanadates 1-D nanostructures with specific 

morphologies is of great interest in recent years. 

As a typical transition-metal vanadate, iron vanadate 

(FeVxOy) shows very good performances in high energy 30 

density lithium batteries,22-25 sensors26 and catalysis.27, 28 

Since all those applications seriously relate to the 

morphologies and surface area of the FeVxOy nanostructure, 

it is expected that porous 1-D nanostructures with large 

surface area could be beneficial to the performances. For 35 

example, porous FeVO4 nanorods as a sensor material 

exhibited higher selectivity and sensitivity toward n-butanol 

compared with FeVO4 nanoparticles, attributed to the high 

surface area and porosity.29 Porous FeVO4 nanorods were 

usually prepared through a hydrothermal method.29, 30 40 

According to this method, FeVO4 nanorods with lattice 

water were first obtained after the hydrothermal reactions, 

while the porous structures formed during the subsequent 

heat treatment. The lengths of the FeVO4 nanorods were 

normally in the range of 1-4 μm, while the pore sizes were 45 

hard to control. To take full advantages of the FeVxOy 1-D 

nanostructures in the applications of lithium batteries, 

sensors and catalysis, it is desirable to controllably 

synthesize FeVxOy 1-D nanostructures with a broader range 

in lengths and pore sizes. 50 

In this work, we developed a simple hydrothermal method to 

controllably synthesize porous FeVxOy 1-D nanostructures. On 

behalf of the new method, the lengths of the porous FeVxOy 1-D 

nanostructures could be tuned from several micrometers to 

several millimeters, while the pore sizes were also tuned 55 

meanwhile. The mechanisms of formation and controllable 

growth of porous FeVxOy 1-D nanostructures were also 

systematically studied. Finally, we tested the activity and stability 

of the porous FeVxOy 1-D nanostructures in the new developed 

application of selective catalytic reduction (SCR) of NO with 60 

NH3.
31 

Experimental 

Synthesis of FeVxOy 1-D nanostructures 

All the reagents were purchased from Sinopharm Chemical 

Reagent Company and were used without further 65 

purification. 

The FeVxOy 1-D nanostructures were prepared through a 

modified hydrothermal method.30 In a typical process, 1.5 

mmol of NH4VO3 was first dissolved in 65 mL of HNO3 

aqueous solution (0.2 mol/L). 10 mL of Fe(NO3)3·9H2O 70 

(0.075 mol/L) solution then was added. Thereafter, 

ammonium hydroxide was added to adjust the pH values. 

Yellow precipitates were appeared in this process. The 

obtained suspension was stirred for 0.5 h before it was 

transferred to a stainless steel reaction tank with 75 

polytetrafluoroethylene (PTFE) lining (100 mL) and 

maintained at 180 oC for 24 h. After reaction, the obtained 

precipitate was separated by centrifugation and was washed 

with water and ethanol for several times. Finally, the 

samples were dried at 80 oC for 12 h and calcined at 450 oC 80 

for 2 h in air. In the above process, the pH value is critical to 

the morphologies of the FeVxOy 1-D nanostructures. The 

samples prepared at pH values of 4.0, 5.0 and 6.0 were 
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denoted as FeVxOy-4, FeVxOy-5 and FeVxOy-6 before heat 

treatment, while as A-FeVxOy-4, A-FeVxOy-5 and A-

FeVxOy-6 after heat treatment, respectively. 

Characterization 

The morphologies were observed by a scanning electron 5 

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 10 

diffractometer by using Cu Kα (40 kV, 40 mA) radiation and 

a secondary beam graphite monochromator. Nitrogen 

adsorption–desorption isotherms of the samples were 

measured at -196 oC using an ASAP 2010 Micromeritics. 

The specific surface area of the samples was calculated by 15 

the Brunauer-Emmett-Teller (BET) method. 

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.   20 

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 25 

balance N2. The total flow rate was 250 mL/min leading to a gas 

hourly space velocity (GHSV) of 20000 h-1. The temperature was 

increased from 100 to 400 oC 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 30 

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. 

Results and discussion 35 

FeVxOy 1-D nanostructures (without annealing) with 

different lengths were synthesized by a hydrothermal 

method through simply adjusting the pH values of the 

precursors. FESEM images (Fig. 1a-f) show that uniform 

FeVxOy 1-D nanostructures are obtained after the 40 

hydrothermal reactions. It is obvious that the lengths of the 

as-prepared 1-D nanostructures increase with the increase of 

pH values. Fig. 1g further summarizes that the lengths of 

FeVxOy 1-D nanostructures can be tuned from several 

micrometers (nanorods) to several millimeters (nanowires) 45 

with the ratio of length/diameter increasing from about 10 to 

more than 1000, when the pH value increased from 4.0 to 

6.0. More interestingly, those long nanowires (FeVxOy-6) 

were automatically weaved to a fabric after the hydrothermal 

reactions as shown in the inset of Fig. 1c. This property 50 

makes the nanowires very easy to be separated and cleaned 

after hydrothermal reactions.  

 
Fig. 1 FESEM images of the FeVxOy 1-D nanostructures prepared at different pH values of (a and d) 4.0, (b and e) 5.0 and (c and f) 6.0. (g) is the 

statistical length distribution of the FeVxOy 1-D nanostructures estimated from the FESEM images. (h) and (i) are the TEM images of A-FeVxOy-4 and 55 

A-FeVxOy-6 1-D nanostructures, respectively. The inset in (c) is the optical image of FeVxOy-6.
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Fig. 2 XRD patterns of the FeVxOy 1-D nanostructures obtained at 

different pH conditions before (a) and after (b) heat treatment. 

Table 1 A summary of the molecular structure, length, BET surface area 5 

and mean pore sizes of the FeVxOy 1-D nanostructures prepared at 

different pH values. 

Samples pH 

values 

Molecular 

structure 

(annealed) 

Mean 

Length 

(μm) 

BET 

surface 

area 

(m2/g) 

Mean 

Pore 

size 

(nm) 

1 4.0 FeVO4 1.33  16.279 16.68 

2 5.0 Fe0.18V2O5 50.12  46.138 15.85 

3 6.0 Fe0.18V2O5 706.77 105.565 8.72 

 

Thermal treatment was applied to further crystalize the as-

prepared FeVxOy 1-D nanostructures after hydrothermal 10 

reactions. The morphologies of the uniform nanorods (A-

FeVxOy-4) and ultralong nanowires (A-FeVxOy-6) after 

annealing are shown in Fig. S1. Fig. S1a and b indicate that 

the surfaces of the annealed FeVxOy 1-D nanostructures 

become rough after annealing. TEM images (Fig. 1h and i) 15 

and HRTEM images (Fig. S2) further indicate that pores are 

formed during the annealing process. The mean pore sizes of  

 
Fig. 3 Morphological evolution of FeVxOy-6 1-D nanostructure at 

different synthesis stages, starting from the precursor nanoparticles 0h 20 

and followed by 1h, 2h, 3h, 6h and 72 h hydrothermal treatment of the 

precursors 

the A-FeVxOy 1-D nanostructures estimated from the 

(HR)TEM images (Fig. 1 and Fig. S2) are summarized in 

Table 1. It is indicated that the pore sizes decrease with the 25 

increase of pH values, A-FeVxOy-6 has the smallest pore 

size. Table 1 also indicates that the surface areas of the A-

FeVxOy 1-D nanostructures determined by N2 adsorption-

desorption isotherms increase with the increase of pH values.  

The thermal analysis (Fig. S3a) indicates that both 30 

FeVxOy-4 and FeVxOy-6 have two obvious steps of weight 

loss ranging from 100 to 240 oC and 240 to 400 oC, which 

are corresponding to two steps of water molecules loss.32, 33 

Obviously, FeVxOy-6 has much more lattice water than 

FeVxOy-4. XRD pattern (Fig. 2a) confirm that the FeVxOy-4 35 

is in the form of FeVO4·1.1H2O.30 The number of lattice 

water is coincident well with the number calculated from the 

TG results. Unfortunately, the molecular formula of FeVxOy-

5 and FeVxOy-6 are hard to be determined according to the 

present data.  40 

The DSC analysis (Fig. S3b) shows that an obvious 

endothermic peak exists at about 400 oC indicating the 

crystallization of the FeVxOy nanostructures. Accordingly, 

the FeVxOy nanostructures could be fully crystalized at the 

temperature of 450 oC. XRD patterns (Fig. 2b) confirm that 45 

A-FeVxOy-4 is mainly in the form of FeVO4 (JCPDS-ICDD 

Card No. 38-1372), while both A-FeVxOy-5 and A-FeVxOy-

6 are mainly in the form of Fe0.12V2O5 (JCPDS-ICDD Card 

No. 49-0805). Combined with the molecular formula and the 

TG results (Fig. S3a), the number of lattice water for 50 

FeVxOy-6 then is estimated to be about 2.1. Besides, the 

above result indicates that the FeVxOy samples lost the 

lattice water and are fully crystallized after annealing at 450 

oC for 2h, although their crystalline structures are different. 

Combined with the (HR)TEM, TG and XRD results, it 55 

can be deduced that the formation of pores in the FeVxOy 1-

D nanostructures is possibly due to the loss of lattice water. 

FeVxOy-5 and FeVxOy-6 own much more lattice water than 

that of FeVxOy-4, hence have much more pores and larger 

pore volumes than that of  60 
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Scheme 1 Schematic illustration of the processes occurring at different 

stages which lead to the formation of FeVxOy ultralong nanowires. 

FeVxOy-4 after annealing. The different pore size 

distribution was probably attributed to the different 5 

molecular formulae. The exact reason needs further 

investigation.  

To understand the formation process of FeVxOy 1-D 

nanostructures, the evolution of FeVxOy morphologies with 

different hydrothermal durations was studied. Fig. 3 shows 10 

that the initial FeVxOy-6 before hydrothermal reactions is in 

the form of particles with the diameters of several 

micrometers. The particles first become smaller (several 

nanometers) and then regrow to dozens of nanometers after 

1.0 h and 2.0 h of hydrothermal reactions, respectively.  15 

When the growth time increases to 3.0 h, nanorods even 

small amount of nanowires with length up to dozens of 

micrometers start to appear with the coexistence of 

nanoparticles. With the reaction going on, the amount of 

nanoparticles continuously decreases while the amount of 20 

nanowires increase and the shape of the nanowires become 

more and more regular. Pure and regular nanowires could be 

obtained after 72 h of reactions. Obviously, this phenomenon 

corresponds to a typical “Ostwald Ripening” process 

contained the dissolving of small nanoparticles and the linear 25 

growth of nanowires. The corresponding XRD patterns (Fig. 

S4) further confirm that the initial FeVxOy-6 are amorphous 

(0.0 h) and start to crystalize (3.0 h) with the appearance of 

nanorods and nanowires, and are fully crystalized to form 

hydrates (72.0 h) during the hydrothermal process. Similar 30 

process was also observed for the growth of FeVxOy-4 (Fig. 

S5).  

Based on the above results, the formation process of 

porous FeVxOy 1-D nanostructure could be summarized into 

four steps as illustrated in Scheme 1. First, the vanadates in 35 

the form of amorphous particles are dissolved into smaller 

nanoparticles under the hydrothermal condition. Second, the 

formed nanoparticles start to regrow orientationally, 

nanorods and short nanowires appear in this stage. Third, the 

“ostwald-ripening” process makes the small nanoparticles 40 

continuously dissolve and the FeVxOy 1-D nanostructure 

linearly grows. Pure nanorods and nanowires are obtained. 

Finally, the porous structures were derived from the loss of 

lattice water during the heat treatment. 

It is obvious that the lengths of the FeVxOy 1-D 45 

nanostructures are governed by the pH values. In this work, 

the pH values of the precursors are mainly adjusted by the 

HNO3 aqueous solution and ammonium hydroxide. Here the 

HNO3 aqueous solution is used to favor the dissolution of 

NH4VO3 and meanwhile expand the pH value range to 50 

acidic condition for hydrothermal reaction. To further 

investigate the influences of pH values on the morphologies 

of FeVxOy. The pH values were further adjusted to 2.0 and 

7.0, respectively. Fig. S6 indicates that a mixture of irregular 

nanosheets and nanorods were obtained when the pH value 55 

was decreased to 2.0 (Fig. S6a). Only FeVxOy nanoparticles 

were observed when the pH value was increased to 7.0 (Fig. 

S6b). It then can be summarized that the FeVxOy 

nanostructures are favorable to transfer from higher 

dimension (2-D nanosheets) to lower dimension (1-D 60 

nanorods and nanowires) and even to zero-dimension 

(nanoparticles) with the pH values increase from 2.0 to 7.0. 

The transfer of 2-D to 0-D nanostructure can be connected 

with the change of driven force of nucleation and growth 

rate. It’s well known that low dimensional nanostructures are 65 

favorable to form at substantially slow nucleation and 

growth rate, since the final product of the nanoparticles 

could take a range of shapes deviated from the 

thermodynamic ones when the growth rate turns into kinetic 

control.34-37 In our experiments, FeVxOy particles were 70 

formed before hydrothermal reactions, the driven force of 

nucleation and growth rate mainly depended on the rate of 

dissolve and regrowth of FeVxOy as demonstrated in the 

formation mechanism above. It is understandable that 

FeVxOy is much easier to dissolve to get higher 75 

concentrations of Fe3+ and VOx
3- ions in solution at lower pH 

values, which means that the rates of dissolve and regrowth 

are higher at lower pH values. This is coincident with the 

above results that lower dimensional nanostructures occurred 

at lower nucleation and growth rate with the increasing of 80 

pH values. Therefore, we propose that the morphologies of 

FeVxOy, especially the lengths of FeVxOy 1D nanostructures, 

are mainly determined by the driven force of nucleation and 

growth rate.  

As a new developed application, FeVO4 was reported to 85 

be a promising NH3-SCR catalyst for NOx removal in the 

medium temperature range.31 Moreover, since FeVO4 has a 

much higher melting point (ca. 850 oC) than that of V2O5 (ca. 

690 oC) which is the active component of the 

commercialized catalyst.31 Therefore, FeVO4 possesses 90 

higher thermal stability and benefits for the NOx removal 

from diesel engines. 

In this work, we chose A-FeVxOy-4 (FeVO4 nanorods) 

which has the best mechanical strength to explore the 

application for SCR reaction of NO. Fig. 4a shows that the 95 

temperature window (the temperature range at which the 

conversion of NO is higher than 80%) ranges from 200 to 

400 oC and the selectivity towards N2 is above 98% over the 

whole temperature range (Fig. S7). This result is quite 

important in NOx removal at low to medium temperatures. It 100 

was also found that the activity of A-FeVxOy-4 was quite 

stable in 20 h (Fig. 4b), and the porous structure also 

remained after the long duration reactions (Fig. 4c).  

Since a large amount of H2O (2–15 vol%) and certain amounts 

of SO2 (30–2000 ppm) usually exist in the exhaust and the 105 

adsorption of water and SO2 on the catalyst surface may poison 

the catalyst, the effect of H2O and SO2 on NO conversion over A-

FeVxOy-4 was further studied with a feed stream containing 10 

vol% H2O and 200 ppm SO2. Fig. 4b shows that the simultaneous 

addition and removal of H2O and SO2 almost didn’t change the 110 

NOx conversion. This result demonstrates that A-FeVxOy-4 is 

highly resistant and reversible to both SO2 and H2O. It has been 

demonstrated that the high NH3-SCR activity and H2O/SO2 

durability of FeVO4/TiO2 catalyst was attributed to the surface 

enriched VOx species on the FeVO4 phase. The observed high N2 115 
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selectivity was attributed to the presence of electronic inductive 

effect between Fe3+ and V5+, thus effectively decreasing the 

unwanted NH3 unselective oxidation at high temperatures.31 We 

believe the VOx species and the Fe3+–O–V5+ linkages played the 

similar roles to achieve high NH3-SCR activity, H2O/SO2 5 

durability and high N2 selectivity as demonstrated in this work. 

Obviously, the porous structure with large surface area could 

provide enough active sites for the reactions. Therefore, the 

porous FeVO4 nanorods are a promising candidate for the de-NOx 

catalysts. 10 

 
Fig. 4 a) NO conversion as a function of temperature in the feed gas of 

250 mL/min total rate, 500ppm NO, 500ppm NH3, 3%O2, and N2 balance, 

GHSV=20000h-1. b) Stability test at 300
 oC for 20 h (black solid square) 

and SO2/H2O durability test (red solid circle) in the feed gas of 250 15 

mL/min total rate, 500ppm NO, 500ppm NH3, 3%O2, and N2 balance, 

GHSV=20000h-1. 200ppm SO2 and 8% H2O were introduced for the 

SO2/H2O durability test. c) TEM images of the used porous A-FeVxOy-4 

sample after 20 h of stability test. 

Conclusions 20 

In this work, porous FeVxOy 1-D nanostructures with 

different lengths were controllably synthesized through a 

hydrothermal method. The length could be tuned from 

several micrometers to several millimeters simply increasing 

the pH value from 4.0 to 6.0. The formation process of the 25 

porous FeVxOy 1-D nanostructures can be summarized into 

three steps, namely dissolve, anisotropic growth, ostwald 

ripening and dehydration. In this process, the driven force of 

nucleation and growth rate could be tuned by the pH values 

thus changing the morphologies of FeVxOy nanostructures. It 30 

was found that the pore sizes decrease with the increase of 

pH values while the surface areas increase with the increase 

of pH values. The porous FeVO4 nanorods were found very 

active and stable in the application of SCR of NO with NH3. 

We believe that the porous FeVxOy 1-D nanostructures with 35 

different lengths are also interested in other applications like 

lithium batteries and sensors. 
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Graphical abstract 

 

 

The length of porous FeVxOy 1-D nanostructures could be tuned from several 

micrometers to several millimeters. 
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