Femtosecond laser self-assembly for silver vanadium oxide (SVO) flower structures
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Flower-liked silver vanadium oxide (SVO) micropatterns were realized by femtosecond laser in-situ writing from its precursor. Self-assembled petals irradiated by femtosecond laser were observed standing on the substrate along with the scanned routine assisted by the formation of silver seeds and plasmonic-mediated effects. By controlling the concentration of ammonium monovanadate and the laser exposure time, different thickness of petals was manipulated from ~ 100 nm to microns. The SVO products were confirmed Ag4V2O7, AgVO3 and part of Ag3VO4 by X-ray diffraction (XRD) measurement. Photon-driven self-assembly for in-situ fabrication of microstructures presents to be an effective and facile technique for SVO and other functional compounds.
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Silver vanadium oxide (SVO) has attracted many interests in the potential applications in cathodic electrodes, [1, 2] gas detection, [3, 4] and lithium batteries 
 ADDIN EN.CITE 
[5-7]
 owing to its unique channel structure and ionic properties
 ADDIN EN.CITE 
[8-10]
. Based on the common method of chemical synthesis by accurate temperature and pressure control, SVO with different compositions has been obtained and extensively studied, such as Ag2V4O11, 
 ADDIN EN.CITE 
[5, 11]
 Ag3VO4, [12] and AgVO3 
 ADDIN EN.CITE 
[2, 3, 13-16]
. Generally, the SVO by chemical synthesis is of benefit to solution-processing compatibility, which imparts tractable nature of SVO for further applications. However, the increasing demand for the micro/nanodevices of sensing and electronic usually require fine control of structures.[3, 15] Transfer method by picking out one from a mess of clusters is significantly a difficulty, which will hinder the potential applications, let alone positioning and shaping. Therefore, to develop a flexible and in-situ fabrication method becomes interesting and essential. It is worth noting that femtosecond (fs-) laser direct writing is an upward tendency due to its advantages of nanometer spatial resolution and 3D prototyping capability.
 ADDIN EN.CITE 
[8-10, 17-23]
 To date, not only have flexible micro/nanostructures been realized from the photon-sensitive materials, metal nanostructures are also produced directly from its salt solutions by photon-driven reduction reactions. 
 ADDIN EN.CITE 
[24-26]
 Various structures have been developed from their precursors, such as silver micro-electrode,
 ADDIN EN.CITE 
[26, 27]
 Ag/Au micro-heater,
 ADDIN EN.CITE 
[28, 29]
 Ag surface enhanced Raman scattering (SERS) substrate[25] and Ag/Au/Pt microdevices
 ADDIN EN.CITE 
[25, 28, 29]
. Although the current research has drawn a comprehensive picture of laser in-situ self-assembly from solutions, most of the materials are noble metals. Laser direct writing of compounds from their precursors – such as SVO patterning - are not realized due to the complex photon-chemical reactions. 
 ADDIN EN.CITE 
[5, 30-33]
 
Herein, we produced flexible patterned SVO structures by fs-laser from its precursor based on seeding effect and plasmonic mediated thermal effect. Self-assembled flower-liked structures

Fig. 1.  (a)Absorption of the precursor and the schematic of fs-laser induced flower-liked structures. (b). the SEM image of structures.
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Fig. 2.  The obtained flower-liked structures irradiated by fs-laser for 10 mins. (a, d) different shapes of SVO flower. (b, c) were the nucleation structures before flower-liked structures. (e) was the magnified figure of (d); (f) was the magnified figure of (e). The scale bars in (a-d), (b, e), and (c, f) denote 5 µm, 2 µm and 200 nm, respectively. 
were directly produced by laser irradiation from its precursor. (Fig. 1) These structures arranged in patterns as the fs-laser scanning routines. The petal thickness from 100 nm to microns were well-controlled by the concentration of NH4VO3 and laser exposure time. Compounds of Ag4V2O7 and AgVO3 and part of Ag3VO4 were evidenced by X-ray diffraction (XRD) measurement. 
A Ti:Sapphire oscillator laser system (Spectra Physics) was conducted at a central wavelength of 800 nm, pulse duration of 120 fs and repetition rate of 80 MHz. A 3D scanning system assembling a galvano mirror and a piezo-electric transducer (PZT) stage was used for laser fabrication. To make sure the obtained micropattens adhered to the substrate, the laser beam was focused right on the interface between SVO precursor and glass (typically 170 µm thick) by an objective lens (50 ×, NA 0.7). The precursor was synthesized first by mixing 17 mg silver nitrate (AgNO3), 17 mg sodium citrate, and 200 µL ammonia into 1 ml deionized water. Then a certain mass of m = 2 - 34 mg ammonium monovanadate (NH4VO3, typically m = 8 mg in all Figures except for Fig. 4) was added to obtain concentrations from 17.1 – 273.5 mmol/L (mM) and kept for at least 1 hour in dark at room temperature. To measure the surface structure morphology, the sample sputtered with 5-nm platinum (Pt) film was observed under a scanning electron microscope (SEM, JEOL 6700F). For the XRD (Model Rigaku Ru-200b) characterization, a large-area square pattern (5 mm × 5 mm) fabricated by close splicing 100 µm × 100 µm micro-patterns was used to obtain the crystal phase properties. 
Flower-liked structures were found leaving on the substrate after focused femtosecond laser with power 20 mw (250 pJ, ~1.4×106 W/cm2) irradiating into the solution for 10 mins. The general crystal growth process was classified into several steps, monomer concentration period, nucleation period and growth period.[27] Once the silver ions were released and combined with VO3-, SVO nanoclusters were immediately formed. Then following the nucleation by concentration and dislocation accumulation, these nanoparticles growing into the undeveloped flower-liked structures scattered around the flower-liked structures, as shown in Fig. 2(a-c). In the growth period, the petals of flowers were first stimulated layer by layer packing at the bottom (Fig. 2(a)) and finally closed with crossed layers upright on the top (Fig. 2(c-f)). As measured in Fig. 2(f), the nanopetals and some growing nanoclusters were around 100 - 200 nm thick. The self-assembled structures grew more and more densely in the scanned routine as
[image: image2.jpg]



Fig. 3.  Self-assembled structures formed by fs-laser scanning with different exposure time (a-d) and routines (g-i). The exposure time for (a-d) were 200 µs, 500 µs, 1 ms and 8 ms per dot, respectively. (d, f) were the Ag and V distribution in EDS mapping. (g-h) were scanned with straight line of 20 µm separation and 5 µm separation. (i) was scanning respectively. with circular lines of 2 µm separation. All the power used was 20 mw. The exposure time for (g-i) was 3 ms per dot.
the exposure time prolonged. (Fig. 3.(a-d)) When the exposure time was 200 µs per dot, a few of petals were left on the scanned position.(Fig. 3(a)) When the exposure time increased to 500 µs/dot, more petals were formed as shown in Fig. 3(b). Because of the irrelevance of alignments with the scanning direction, the denser nanopetals resulted in more intersections between them, as presented in the case of increased exposure time, 1 ms/dot and 8 ms/dot in Fig. 3(c-d). In order to find the distribution of element Ag and V, the energy dispersive spectrometer (EDS) mapping was conducted on the structures in Fig. 3(b), as shown in the red solid elliptical region in Fig. 3(e, f). There were two important phenomenon in the structure formation. One is the preformed seeding line for the formation of SVO nanopetals on the substrate, as shown in the dashed blue square region of Fig. 3(b). The line was made of silver by comparing the element distribution in Fig. 3(e) and Fig. 3(f). It played a significant role as the initial seeds for the formation of SVO and supported the standing up of petals on the substrate. As a comparison, the petals without seeding lines of Fig. 2 grew firstly layer by layer on the substrate before the appearance of upright ones. The second is the descent of the required pulse energy and acceleration of the growth process caused by plasmonic-mediated effect.
 ADDIN EN.CITE 
[25, 34-36]
 Since for the weak absorption at a wavelength of 800 nm (Fig. 1), a higher pulse energy of more than 250 pJ was required for the electron excitation and the following photon-driven reactions. The pulse energy decreased to 100 pJ after 10 min scanning due to the increasing density of nanocrystal in the precursor, which were produced by laser scattering and localized electric enhancement irradiated by femtosecond laser. In this circumstance, the same of 250 pJ and 3 ms per dot resulted a denser and jagged pattern, as shown in Fig. 3(g). Further, the petals in the pattern presented thinner in the center and thicker in the boundary. Although the beam diameter was around 1.5 µm, the petal diameter of 5 - 10 μm obstructed part of laser in the incident direction and scattered more light in the fresh position when the scanning distance was less than 5 μm. More, laser accumulated heat drove part of the products to the boundary making the final scanning routine at a higher concentration. As a result, thinner and denser structures
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Fig. 4.  Petal thickness (a) and atom ratio of Ag/V. Scale bars in the inset figures of (a) stand for 2 µm. The inset figures in (b) show the measured EDS spectrum.
appeared at the overlapped scanning region, while thicker and sparse structures were produced in the border. (Fig. 3(h)) Flower-liked structures were obtained by optimizing two circular scans with line separation of 2 µm, as shown in Fig. 3(i). All the rings of Fig. 3(a-d) were scanned with dot interval 400 nm and line interval 10 µm. The red lines represented the scanning routine and the laser power was 20 mw.
The concentration of NH4VO3 took the significant role in the petal thickness. As shown in Fig. 4 (a), the petals became thicker as the concentration of NH4VO3 increased. When it was 17.1 mmol/L (mM) at the mass of 2 mg, the atom ratio of Ag:V was found around 2.35. (Fig. 4(b), and the inset figures) The excessive silver ion and low-proportional VO3- limited the thickness of petals 100 ~ 200 nm regardless of the exposure time. (Fig. 4(A, i) If the concentration increased twice to 34.2 mM, the exposure time played a more important role in the petal growth. As shown in Fig. 4, the thickness of petals produced in different mass of NH4VO3 was similarly 100 - 200 nm at lower exposure time of 1 ms per dot. At the higher exposure time of 8 ms per dot, it increased to 300 ± 60 nm at the concentration of 34.2 mM, 740 ± 50 nm at the concentration of 68.4 mM and more than 1.5 ± 0.3 µm at the concentration of 136.8 mM. The thicker petals were expected but didn’t work due to the saturated solubility of NH4VO3 in the precursor solutions. Although the thickness and morphology changed as the exposure time when the concentration ≥ 68.4 mM, the atom ratio of Ag/V of products kept in a saturated value, ~ 1.6. All the structures were fabricated based on the square structures in Fig. 3 (h) after the threshold of laser fabrication was stable.

Further, to analyse the accurate chemical component of petals, XRD was conducted as shown in Fig. 5. According to the XRD peaks of Ag4V2O7 (JCPDS card no. 77-0097), the main angles at 25.68o, 31.93o, 32.93o, 42.24o, 46.63o, 58.43o, and 59.27o are well-
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Fig. 5.  XRD pattern of the SVO structures. The scale bar denotes 5 µm. 
matched with the crystal planes of (224), (040), (151), (117) and (137) of Ag4V2O7, respectively.[11] Due to the composites of Ag3VO4/Ag4V2O7, the diffraction peaks at 30.86o, 32.33o, 35.07o, 35.94o, and 38.92o were matched with the crystal planes of (-121), (301), (202) and (022) according to Ag3VO4 (JCPDS card no. 43-0542), which implied the co-existence of Ag3VO4 and Ag4V2O7 in the laser reduced composites. However, the amount of Ag3VO4 was much smaller than Ag4V2O7 according to the peak intensity. Peaks of AgVO3 was found relative to (-501), (-211) and (501) according to the JCPDS card no. 29-1154.[37] Besides, the AgVO3 may slightly increase at a concentration more than 68.4 mM according to the tiny uptrend curve in Fig. 4(b), which needs XRD measurements for micro-region to get rid of the heating synthesis in long-time fabrication. The ratio of Ag4V2O7 to AgVO3 was roughly estimated 6:4 according to the Ag/V=1.6 of EDS. No silver crystal phase was observed. 
Based on the mechanism of femtosecond laser induced SVO flowers, the complex process is probably explained by the laser assisted thermal assembling. Sodium citrate was necessary as surfactant and the reducing agent for silver seeds. Neither silver nor SVO structure was hardly formed on the substrate without sodium citrate. Two process happened, the first of which was the formation of silver seeds on the substrate through the fs-laser-induced two-photon reduction process.
 ADDIN EN.CITE 
[9, 25, 38]
 Then the seeds would be quickly gathered into nanostructures by the plasmonic mediated effect - the localized electric field enhancement around the silver nanoclusters/structures.[39] Meanwhile, this effect would speed up the release of Ag+ and their recombination to VO3- in the solution. Further, it would also drive the nucleation of nanocrystal and the self-assembled growth of flower-liked structures through the photo-thermal effect by increasing the localized temperature up to 100 oC.
 ADDIN EN.CITE 
[40, 41]
 It was noticed that some bubbles occurred just after laser scanning, which evidenced the thermal process and implied a shorter laser wavelength around the silver resonant absorption peaks [42] would be much more efficient for the production of flower structures. Further, the products are expected different phase crystal if the raw materials were changed, as well as their morphologies of nanowires or nanodots.[43] Due to the localized laser focus in the micro-volume, the reaction accelerated chemical synthesis from tens of hours to several ms, which strains the difficulty clarifying the reactions but paves the way to produce single products by checking micro-region XRD in the next stage. 
Besides, patterns of eighth note symbol, ( symbol, triple-integral symbol, ( symbol, and G clef symbols were demonstrated as shown in Fig. 6, presenting the flexibility for micropatterns.
[image: image5.jpg]



Fig. 6.  fs-laser direct writing patterns of (a) eighth note symbol, (b) ( symbol, (c) triple-integral symbol, (d) ( symbol, and (e) G clef symbols. The scale bar denotes 20 µm for all the figures. 
The laser power used here is 20 mw with scanning dot separation of 400 nm and line separation of 10 µm.
In conclusion, silver vanadium oxide flower-liked structures were attained by femtosecond laser direct writing from its precursor solutions. Laser induced silver seeds and their plasmonic mediated thermal effect supported the nucleation and growth of SVO. Meanwhile, laser fast scanning provides the in-situ and flexible approach for intricate patterns of structured SVO. Besides, laser exposure time and the component proportion of NH4VO3 were used to manipulate the petal thickness from 100 - 200 nm to microns. EDS and XRD results showed a stable reaction product of Ag4V2O7, AgVO3 and part of Ag3VO4. Cause the complex valence state of V, MxVyOz (M could be Ni, Li, Cu, Ag, Bi, Mn, Y or their combinations) has a vast prospect in catalysts and batteries. The proposed protocol would benefit for the flexible SVO applications in microscale and provides potential for the fabrication of various compounds but not only limited to noble metals. 
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