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Abstract: Conductive SrVO, powders were synthesized by sol-gel method combined with subsequent heat treatment. The molar ratio

of Sr:V was adjusted during the sol process. The thermal behavior of the gel was analyzed to figure out the calcination temperature in

order to get the precursors without residual carbon, and then the gel was reduced in H, to obtain the final products. The influence of

temperature and molar ratio of Sr: V on the morphologies, structures and compositions was researched. The conductivity of the

samples was tested by standard dc four-probe technology. The results show that when the molar ratio of Sr:V=1:1.06, the calcination

temperature is 500 °C and reduction temperature is 850 °C in H,, the SrVO, powers without the impurities of residual carbon or

vanadium oxides can be obtained. The electrical conductivity of SrVO, powders reaches 714.3 S/cm, while that of graphite powders is

about 500 S/cm.
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SrVO,, as one of transition metal oxides with perovskite
structure, has attracted much attention due to its excellent
ferro-electricity, superconductivity, ferromagnetism and full
spin polarization in the conductor'?. SrVO, was first prepared
through solid reactions in 1950s by Kestigian Michael™ with a
cubic perovskite lattice. Its paramagnetic and metallic features
at room temperature have been reported™”. Due to the high
conductivity, SrVO, and its derivatives are also competing
candidates as the anodes of the solid-oxides-based fuel cells™.
What’s more, the unique cubic perovskite structure brings
many unique physical properties to SrVO,, for example,

acting as ideal Mott semiconductors’™”

and transparent
conductive oxide"*'”. Besides, because of the similarity in the
3d' electrons of V* and perovskite copper oxides with newly-
reported superconductivity™, SrVO, may also have such
characteristic as superconductors.

Up to now, the syntheses of SrVO, are mainly realized from
thin films and powders, in which the thin films are generally
made through hybrid molecular beam epitaxy (hMBE) "*'",

[16,17]

pulsed laser deposition (PLD) and pulsed e-beam
deposition (PED) "] while the powders are normally
fabricated by the conventional solid state reaction method™”.

The SrVO, powders prepared by the solid state reaction
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method are calcined at 700 ° C for 2 d with intermediate
grindings and then reduced several times at 1000 °C in H,
with intermittent grinding and pelleting, and the conductivity
of the final products of SrVO, powders is 41.8 mQ-cm (23.9
S/cm) at room temperature'. It has the disadvantages of long
calcination time, high calcination temperature, and large
unevenness in structure and composition. The SrVO, bulk is
prepared by spark plasma sintering and has the conductivity of
10° ©-m (~1000 S/cm) with bulk density of 95%"), and the
conductivity of SrVO;, products is 7x10* Q-cm (~1428 S/cm)
fabricated by solid reaction with 65 kb pressure and gold seal
in an belt type device™. There is a huge gap of conductivity
between the SrVO, powders and SrVO, bulk, which is not
only because of the density but also the purity. Therefore, it is
still a challenge to fabricate the SrVO, powders with good
purity and enhancement conductivity by a facile and efficient
fabrication method.

Sol-gel method is an excellent candidate to fabricate the
SrVO, powders. It combines the raw materials at an ionic
scale in solution, which is beneficial to the homogenization
and refinement of components. It can also reduce the reaction
temperature and facilitate the preparation process due to the
thermal behavior of the complex gel. It has been used to
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prepare  perovskite compounds like  La,,Sr,,CoO,?Y,
Sr(V, Mo, )O,”” and La,Sr,,;MnO,*”. Thus, this work is
focused on the fabrication of SrVO, powders with high purity
and good conductivity by a sol-gel method combined with
subsequent thermal treatment. The thermal behavior of the
complex gel was analyzed and the influence of temperature
and molar ratio of Sr: V on the morphologies, structures,
components and the electrical conductivity of the SrVO,
powders was also studied.

1 Experiment

Sr(NO,), (Chron, AR, China) and NH,VO, (Chron, AR,
China) were used as raw materials of Sr and V. The anhydrous
citric acid (Chron, AR, China) was used as complex agent.
Then, the three materials deionized water at different
stoichiometric ratios, where the molar ratio of citric acid to
total metal ion content was 1.1~1.5. The solution was
continuously stirred and heated at 80 °C for fully complex to
obtain a dark blue transparent sol. With continuous heating
and stirring, the sol was transferred to a dark blue gel and then
treated in an oven at different temperatures in air for 0.5 h to
obtain the precursors. Finally, the precursors were reduced at
850 °C in H, for 2 h to fabricate the samples.

The thermal behavior of gel was analyzed by thermo-
gravimetric analysis and differential scanning calorimetry
(TG-DSC, TA Instruments, Q600 SDT) in air at 800 °C. The
structures and phase of samples were characterized by X-ray
diffraction (XRD, Shimadzu, 6100) with Cu Ka irradiation (1=
0.154 06 nm) in the 26 scan range of 20°~90°. The morpho-
logy of the products was collected by transmission electron
microscope (TEM, JEOL, JEM-2100F) and search engine
marketing (SEM, JEOL, JSM-7800F). Raman (Horiba Jobin-
Yvon, LabRAM HR Evolution) spectra were used to
determine the type of residual carbon in the sample, and the
carbon content was measured by high frequency infrared
carbon sulfur analyzer (DEKAI, DK606). The valence state of
vanadium was analyzed by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific Escalab, 250Xi). The specific
surface area and pore diameter of the powders were measured
by Brunner-emmet-teller (BET,
MICROMERITICS, Gemini  VII). The
electrical conductivity of the powders was measured at room

measurements
Micromeritics

temperature using a standard dc four-probe technique by
pressing the powders at 20 MPa.

2 Results and Discussion

2.1 Thermal behavior of the complex gel

The TG-DSC spectra test of the gel sample with Sr:V=1:1
was conducted in air at 800 °C (as shown in Fig.1). It can be
divided into four stages including four major peaks of DSC
curve: (1) the first stage with 19% mass loss with an
endothermic peak around 110 °C, which can be concluded for
the evaporation of the solvent within the gel precursor; (2) a
19.7% mass loss occurs in the second stage with an
exothermic peak at 175 °C, which is caused by redox reaction
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Fig.1 TG-DSC spectra of as-prepared gel precursor

between free citric acid that is not coordinated with metal ions
and NO'™ P (3) the third stage has 10.6% mass loss and an
exothermic process at 340 ° C, which may be due to the
decomposition of the complex to form the corresponding
metal oxide; (4) the last stage has 15.2% mass loss due to the
severe exothermic reaction with a sharp peak at 475 ° C,
indicating the combustion of the remaining organic
components in the complex™'. No obvious peaks and mass
loss can be found after 475 °C, which means that the thermal
decomposition of gel precursor in air has finished over this
temperature, and the final sample mass maintains 35.5%.
According to the TG-DSC results, the heat treatment
temperature is fixed at 200, 350, and 500 °C.

2.2 Influence of temperature on the morphologies and
structures

The SEM images of the gel calcined at different
temperatures are shown in Fig.2. It can be clearly seen that the
morphologies of the samples are typical sheet foam structures
by sol-gel. The surface changes significantly as shown in the
illustration insets from smooth to porous. When the
calcination temperature of the gel is 200 °C, according to the
TG-DSC results, the complex has not yet been decomposed at
this time, so the surface of the block is smooth as shown in
Fig.2a. The complex begins to decompose at 350 °C and the
surface becomes porous, as shown in Fig.2b. After calcination
at 500 °C, the crystal grains on the surface obviously grow
and bond, as shown in Fig.2c.

The corresponding XRD patterns are shown in Fig. 3.
Apparently, after the gel precursor is calcined at 200 °C, no
obvious characteristic peak appears, indicating that the
complex has not been decomposed at this temperature to form
a new crystalline product, and some Sr,V,O, characteristic
peaks can be observed at 350 °C. When the sample is calcined
at 500 °C, the gel precursor is completely decomposed and
Sr,V,0, formed (PDF#04-011-5542) with a small amount of
V,0, (PDF#97-005-9960) that might be decomposed from the
noncomplex NH,VO,. Such phenomenon arises from the
slightly blocked ionization of citric acid due to the low pH
value of the solution, which in turn leads to the unsaturated

complex between NH,VO; and citric acid®**". It can be seen
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Fig.2 SEM images of the gel calcined at different temperatures: (a) 200 °C, (b) 350 °C, and (c) 500 °C
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Fig.3 XRD patterns of gel precursors calcined at different

temperatures in air

that the heat treatment of the gel precursor in air will finally
reach the valence of V in Sr,V,0, as +5. The powder precur-
sors obtained at different temperatures are reduced in H, at
850 °C and the XRD patterns are shown in Fig.4. It is obvious
that SrVO, (PDF#04-007-9076) can be obtained from three
different precursors after reduction, but there are some
impurities of Sr,V,0,, Sr,V,0, and Sr,V,0,, in the final pro-
duct, which is because of the insufficient supply of V source.

As shown in Table 1, with the increase of the calcination
temperature from 200 °C to 500 ° C, the grain size of the
reduced samples slightly increases from 35.9 nm to 47.3 nm,
and the particle size increases from 5.68 pm to 7.59 um. On
the contrary, the specific surface area of the powder decreases
sharply from 60.95 m*/g to 2.43 m’/g.
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Fig.4 XRD patterns of the precursors reduced in H, at 850 °C

The carbon content of the final product from the precursor
calcined at 200 °C is 9.63%. As the calcination temperature
increases, the carbon content decreases from 1.46% at 350 °C
to 0% at 500 ° C. The existence of carbon is due to the
calcination of the gel precursor at low temperature, which
causes the complex to be incompletely decomposed based on
the explanation of TG-DSC results. In addition, as the
calcination temperature of the precursor increases, the condu-
ctivity of the sample also increases, from 50.1 S/cm (200 °C)
to 92.6 S/cm (350 °C), and to 114.5 S/cm (500 °C). That is
contributed to the decrease of the content of residual carbon.
The Raman spectra in Fig.5 show that when the precursors are
calcined at lower temperatures (200 and 350 °C), there are
two obvious peaks in the Raman spectrum: D band and G
band, in which D band is about 1364 cm” and G band is

Table 1 The information of products after reduction prepared with different calcination temperature

Precursor temperature/°C

Characterization
200 350 500
Main phase Srvo, Srvo, Srvo,
Impurity Sr,V,0,, S, V,0,, Sr,V,0,, S, V,0,, Sr,V,0,, Sr,V,0,,, Sr,V,0,
Grain size/nm 359 41.9 47.3
Particle size/um 5.68 7.32 7.59
BET/m*g" 60.95 8.46 243
Carbon content/% 9.63 1.46 0
Conductivity/S-cm™ 50.1 92.6 114.5
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Fig.5 Raman spectra of the samples reduced in H, at 850 °C

located at 1607 cm™. The intensity ratio of the two bands (/,/
1) is about 1.87, which indicates that the precursor heated at a
lower temperature will result in amorphous carbon with a low
degree of graphitization®™. When the calcination temperature
is 500 °C, D or G band disappear in Raman spectra, which
indicates that there is no carbon, and this result is consistent
with the result that the carbon content is 0% from carbon and
sulfur analysis. The TEM image in Fig. 6 displays that
amorphous carbon is distributed around the particles. The
lattice fringes can be clearly observed in the illustration, and
the measured interplanar spacing is 0.19 nm, which
corresponds to the (002) crystal plane of SrVO,.

Based on the results discussed above, the calcination
temperature for the precursors is fixed at 500 °C to avoid the
residual carbon. But there are still other impurities of Sr,V,O,
Sr,V,0, and Sr,V,0,, in the final product of SrVO, powders,
which is because of the insufficient supply of V source. So
regarding on the influences of the amount of initial agents and
residual carbon, the amount of Sr(NO,), and NH,VO, is
adjusted to tune the molar ratio of Sr:V from 1:1 to 1:1.08 by
increasing the V source in the gel, and then calcined at 500 °C
followed by the reduction in H, at 850 °C.

2.3 Adjusting the molar ratio of Sr:V for pure SrvO,

Fig.7 shows the XRD patterns of the samples obtained from
different molar ratio of Sr:V from 1:1.00 to 1:1.08. All the
samples are maily composed of SrVO, (PDF#04-007-9076)
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Fig.7 XRD patterns of the samples prepared with different initiator

ratios

that is consistent with of the results of Fig.4. When the molar
ratio of Sr: V is 1:1, the diffraction peaks belonging to the
impurities of Sr,V,0, (20=26.6°, 28.7°, 31.8°, PDF#04-008-
3830), Sr,V,0, (26=30.1°, PDF#00-028-1270) and Sr,V,0,,
(260=29.4°, PDF#00-041-0383) are detected. These excessive
strontium vanadium oxide impurities appear in the final
product caused by the insufficient V source as discussed
before. As increasing the amount of V source to Sr:V=1:1.05,
the impurities decrease but still contain Sr,V,0, and Sr,V,0,,.
There is no other impurity peaks can be found in the final
product when Sr:V=1:1.06. It consists only of pure SrVO, and
the impurities disappear completely. When the Sr:V increases
to 1:1.07, more V sources are provided, the diffraction peaks
appearing at 26=24.3°, 33.0°, 36.2°, 53.9° are identified as the
characteristic ~ peaks of V,0, (PDF#04-008-3830)
corresponding to the crystal faces of (012), (104), (110) and
(116), respectively. Its proportion increases along with the
addition of Sr:V=1:1.08, which is due to the increasing V,O;
in the gel precursor due to the increase in the amount of
NH,VO,. By adjusting the molar ratio of Sr: V precisely, the
SrVO, powders without impurities can be obtained.

2.4 Characterization and conductivity of SrVO, powders

The SEM images in Fig.8a and 8b display the morphologies
of as-prepared SrVO, as a foam-like frame structure
consisting of irregularly connected particles with many loose
holes. EDS results show that Sr, V and O are uniformly
distributed in the powders, as shown in Fig.8c~8¢. The TEM
image in Fig. 8f displays an irregular arrangement of as-
prepared SrVO, particles which are nearly within the nano
scale without amorphous carbon. Fig. 8¢ presents the lattice
resolution TEM image of the SrVO, structure at the edge of
the SrVO, particle in Fig.8f. The lattice spacing is measured to
be 0.27 nm, which corresponds well to the (110) crystal plane,
and FFT pattern in Fig. 8h clearly agrees with the standard
lattice features of SrVO, (PDF#04-007-9076).

The O 1s-V 2p spectra in Fig.9 indicate that vanadium ions
exist in two oxidation states. These binding energy value
corresponds to the V* (516.3 and 523.2 eV) and V** (517.2
and 524.1 eV) states and is consistent with the reported
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20 nm

Fig.8 SEM morphologies (a, b) and EDS element mappings of Sr (c), V (d) and O (e) of SrVO, powders; TEM image (f), HRTEM image (g) and

FFT pattern (h) of as-synthesized SrVO,
results™. The appearance of V> is because the surface of
SrVO, is very sensitive to oxygen, which will cause the V** on
the surface to be oxidized to V>,

Fig.10 shows the conductivity of graphite powders and the
samples prepared with different Sr: V ratios. When the molar
of Sr: V=1:1, the conductivity of the sample containing the
impurities of Sr,V,O,, Sr,V,0O, and Sr,V,0,, is 114.5 S/cm,
which is just 22.9% of the conductivity of graphite powders

(500 S/cm, tested in the same way). With increasing the molar
ratio of Sr:V from 1:1.05 to 1:1.06, the conductivity increases
from 334.4 S/cm to 714.3 S/cm. It is almost 1.5 times higher
than that of graphite powders, and the SrVO, powders without
any impurities indicate excellent metallic properties. In
addition, for the samples with the impurities of V,0, (Sr: V=
1:1.07 and 1:1.08), their electric conductivity is 574.7 and
544.4 S/cm, respectively, much higher than that of the samples
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Fig.9 O 1s-V 2p XPS spectra of as-synthesized SrVO, powders

Fig.10  Electrical conductivity of as-synthesized SrVO, powders

with impurities of strontium vanadium oxides (Sr: V=1:1.00
and 1: 1.05). It might be concluded that the presence of
impurities greatly affect the electrical conductivity of the
powders, and the effect of strontium vanadium oxides is
higher than that of V,0,. Tuning the molar ratio of Sr:V can
obtain the SrVO, powders without any impurities, and thus
the powders possess good purity and excellent conductivity of
714.3 S/cm.

3 Conclusions

1) SrVO, powders were synthesized by sol-gel method
combined with thermal treatment. The thermal treatment
influences the morphology, structure and residual carbon
content of the precursor powders. The gel precursor is fully
decomposed to form Sr,V,0, and V,0; at 500 ° C in air
without any residual carbon.

2) By adjusting the molar ratio of Sr:V precisely to 1:1.06,
the final product is reduced, and the SrVO, powders with
good purity and excellent conductivity can be fabricated. The
V2p XPS spectrum of as-prepared SrVO, powders display the
dominant existence of V*"and V*, and the SEM images show
a foam-like frame structure consisting of irregularly connected
particles with many loose holes. The conductivity of the
SrVO, powders is 714 S/cm, and the presence of impurities
greatly affects the conductivity of the powder.
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