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Abstract

:

The electrochromic property of nickel doped vanadium pentoxide (V2O5) deposited by a co-sputtering system is investigated. The structural analysis of the thin film was done by an X-ray diffraction (XRD) analyzer. The surface morphology of the film was studied by a field emission scanning electron microscopy (FE-SEM). The composition of the film was detected by an Auger analysis. The electrochromic properties of the device were measured by cyclic voltammetry. For the undoped V2O5 thin film, the charge storage capacity increases with the thickness and is 42.58 mC/cm2 at the thickness of 192.4 nm after 2 h deposition. For the Ni-doped V2O5, the Ni-V-O film shows V2O5 structural dominate with cathode coloration in the lower Ni deposition power region and the charge storage capacity decreases with the increases of the power, while the Ni-V-O film transfers to NiO structural dominate with anodic coloration at the realm of higher Ni doping. The charge storage capacity increases with the increase of Ni doping. It can reach to 101.35 mC/cm2. The Ni-V-O electrochromic film shows improvement of transmittance difference between colored and bleached values and improvement of charge store capacity as it is compared to pure V2O5 films.
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1. Introduction


Electrochromic materials become important due to the variation of transmittance of visible light under the application of an external stimulus [1,2]. The materials exhibit a reversible change of their color through charge transfer. One of the important classes of electrochromic material is electrochromic oxide [3]. The electrochromic oxide materials can be divided into two different kinds of material, cathodic coloration material and anodic coloration material. The oxides of Ti, Nb, Mo, Ta, and W belong to cathodic coloration materials and the oxides of Cr, Mn, Fe, Co, Ni, Rh, and Ir belong to the anodic coloration materials. There are some electrochromic oxide materials that both show the cathodic and anodic coloration, such as vanadium pentoxide (V2O5) [4].



Due to the redox property of the V2O5 thin film, the film is a suitable material for the application of lithium ion battery, gas sensor and electrochemical devices. V2O5 thin film shows electrochromic with its reversible changes of color between yellow and gray when an external stimulus voltage is applied [5]. This is because it possesses a stacked laminate structure which makes ion intercalation easier [6]. However, the electrochromic properties of a pure V2O5 are very limited due to its low conductivity and low electrochemical stability [7,8,9]. To overcome these problems, some studies have addressed the synthesis and fabrication of nanostructured V2O5 film so as to improve the electrochromic properties of the film [10]. However, the electrochromic device with nanostructure creates additional problems of reliability and stability.



The process of metal-doping of the electrochromic oxide shows high-performance and reliability has been proposed on tungsten trioxide (WO3) and nickel oxide (NiO) film [11,12]. The chromic mixed metal oxide films often show more natural colors than intrinsic ones in their coloring states. This is due to the improvement of the optical band gap by the metal-doping [13]. M.A. Ashrafi et al. presented the (MoO3)1−x(V2O5)x chromic mixed metal oxide films [14]. It is known that molybdenum oxide (MoO3) can be a material of photochromic [15] and vanadium oxide is a popular thermochromic material [16]. As molybdenum oxide mixed with vanadium oxide in a single structure, this film may provide both photochromic and thermochromic effects, and also has an improvement in coloring performance. The vanadium pentoxide with niobium-doping [17] shows that the doped samples have better stability than the undoped vanadium pentoxide. In this study, we are interested to deposit a mixed metal oxide film, Ni-V-O, a combination of nickel oxide (NiO) with V2O5 in a single structure.



NiO is a material of low cost, has good cyclic reversibility, high coloring efficiency and good durability [18,19,20]. It shows a brownish color at the colored state and a high transparency at the bleached state [1,21]. If these two chromic oxide materials, NiO and V2O5 mixed together in the same electrochromic device, it is expected to improve the transparency modulation. The improvement of transparency modulation would make it practical for the applications of smart windows [22,23,24]. However, the electrochromic property of metal oxides with different crystal structures are not in direct proportion to the mixing-ratio of chromic oxide. Therefore, it is intriguing to study the variation of optical, electrochromic properties with the mixing ratio.



Some techniques that were used to deposit the electrochromic oxide films are as follows: sputtering [25], evaporation [26], sol–gel [27], chemical vapor deposition [26], spray pyrolysis [28], and pulsed laser deposition [13]. Sputtering is an efficient technique for deposition of thin films. By using sputtering, it can successfully deposit mixed oxides and have a good control of sputtering power toward targets, gas flow rate, deposition thickness, and the substrate heating temperature. These parameters provide good processes for the deposition of a variety chemical compositions. This paper addresses the deposition of mixed chromic V2O5 films by adding NiO by a co-sputtering technique. The structural, optical and electrochromic properties of the film are investigated.




2. Experiments


The ITO glass substrate with a resistivity of 6 Ω-cm was first cleaned by using acetone, isopropanol and DI water in sequence to remove any surface contamination, and then dried with the dry nitrogen flow. The dimension of each sample is 4 × 2 cm2. The thin film was deposited by an RF magnetron co-sputtering equipped. Both a V2O5 ceramic target and a Ni target with their purity of 99.9% and 7.62 cm in diameter were used. Argon, oxygen, and nitrogen with purity of 99.99% were inlet to the chamber during the deposition process. The base pressure of the chamber was 5 × 10−5 Torr and the processing pressure was constant at 5 mTorr at the flow of pure argon working gas of 5 sccm. The substrate holder was not heated during deposition. For the V2O5 thin film, the RF power toward the V2O5 ceramic target was 120 W, the deposition time was 1, 2 and 3 h. For the Ni-V-O thin film, the nickel doping effect toward the V2O5 film is stressed. The RF power toward the V2O5 ceramic target was 120 W, the deposition time was 2 h, the ratio of Ar:O2 flow was 10:1 and the power toward the Ni target was varied as 10, 20, 30, 50, and 80 W, respectively.



The phase formation of the film was detected by an X-ray diffraction (XRD) analyzer. The surface morphology of the film was evaluated by field emission scanning electron microscopy (FE-SEM). The composition of the film was detected by an Auger analysis. The transmittance of the films was measured by a UV-Vis. The electrochromic property of the films was evaluated by a cyclic voltammetry (CV) measurement. The setup of the CV measurement system was performed by using a potentiometer in a three-electrode cell where the work electrode, reference electrode and counter electrode was the Ni-V-O film, a silver wire, and a platinum foil, respectively. The electrolyte was a 0.1 mol/L lithium perchlorate (LiClO4). The CV measurements were performed in a potential range from −2.5 to +2.5 V with a speed of 10 mV/s. The chronoamperometry measurements were evaluated at a potentials range of −2.5 and +2.5 V at a period of 60 s.



The charge density (Q) of the films evaluated from the CV curve by the following relation [29]:


  Q   c h a r g e   d e n s i t y   =  1  ν · A     ∫    V i     V f    I  V  d V  








where ν is the sweep rate, Vi is the initial sweep voltage, Vf is the final sweep voltage, A is the area of the sample, I is the current.



The coloration efficiency (CE) is defined as the change in optical density at a specific wavelength divided by the inserted charge density (Q), as expressed in the following equation:


  C E  λ  =   ln      T  b l e a c h      T  c o l o r        Q    (  cm 2  / C )  








where, Tbleach is the transmittance of the film in the bleached state, Tcolor is the transmittance of the film in the colored state, and Q is the insert charge density. High coloration efficiency can provide a large optical modulation with low charge insertion or extraction and is a crucial parameter for practical electrochromic devices.




3. Results and Discussion


3.1. Electrochromic Property of V2O5 Thin Film


The V2O5 thin film property is dependent on the process conditions. The RF power toward the V2O5 ceramic target is kept at 120 W and the period time for deposition of the film is varied to observe its thickness effect toward electrochromic property. The thickness of the V2O5 film is 98.9, 192.4 and 288.2 nm with respect to the deposition time of 1, 2, and 3 h, respectively. As the thickness of the film is increased, the surface becomes rougher. This would give rise to more sites to accommodate the charges.



It is known that the color of the V2O5 thin film changes from yellow to gray [30]. Figure 1 shows the transmittance of the V2O5 film, the curve in black-square is the transmittance without bias. As the potential applies from −2.5 to 2.5 V, the sample transforms from gray to yellow with oxidation reaction as shown with a red line. As the potential applies from 2.5 to −2.5 V, the sample transforms from yellow to gray through reduction state as shown with a green line. In order to measure the transparency difference of oxidation/reduction of the film, the transparency difference is defined as ΔT = Toxidation − Treduction at the wavelength of 600 nm. The ΔT increased from 1.8 to 25.6% as the thickness of the film increases from 98.9 to 288.2 nm of the film. For the further discussion of the Ni doping effect, the V2O5 sample of 2 h deposition was chosen as shown in Figure 1. Its ΔT is 9.5% and its coloration efficiency of the V2O5 thin film is 2.04 cm2/C. The V2O5 sample shows low transmittance both on bleached and colored states and their transmittance is 60.0% and 50.5%, respectively. Ideally, the V2O5 film is yellow in oxidized state and it changes to gray that is reduced state as applying cathodic potential. While, our experimental sample shows dark gray in the colored sate and light gray in the bleached state. The reaction is being described as the following [7,20]:


V2vO5 + xLi+ + xe− ⇔ LixV2iv, vO5











CV measurement was used to study the effectiveness of the V2O5 thin films as ion storage layer of electrochromic devices, and the obtained results are displayed in Figure 2. The charge capacity is 29.18, 42.58 and 54.71 mC/cm2 as the film thickness of V2O5 thin film is 98.9, 192.4 and 288.2 nm, respectively. The increase of the charge capacity is due to the increase of thickness and the roughness.




3.2. Electrochromic Property of Ni-V-O Thin Film


It is reported [13] that chromic mixed metal oxide film has more natural colors than single chromic oxide material in their coloring states. This effectiveness is due to the improvement of the optical band gap. Nickel oxide (NiO) is a material of anodic coloration and it is transparent at the state of cathodic coloration. If the vanadium pentoxide was mixed with nickel oxide in a single structure, this new structure may provide a complementary electrochromic effect and improve coloring performance. The optical and electrochromic properties of the compositional variation between vanadium oxide and nickel oxide of the Ni-V-O film is stressed. Co-sputtering to the V2O5 ceramic target and to the Ni-metal target was through the sputtering gas, argon and oxygen to deposit the Ni-V-O chromic mixed-metal oxide film.



The thin film of mixed nickel oxide and vanadium pentoxide in a single structure was realized by co-deposition of Ni and V2O5 on a glass substrate. The compositions of the film are summarized in Table 1. The thickness of the Ni-V-O mixed oxide thin film increased as the power toward the Ni target increased, it is 221 nm at the power of 10 W and is 337 nm as the power increases to 80 W. The atomic percentage of each element of the film was detected by an Auger analyzer. It shows the atomic percentage of Ni, V and O is 3.20, 26.04 and 70.76%, respectively at the sample of 10 W. The atomic percentage of Ni increases with the increase of the power. As the power reaches 50 W, the atomic percentages of Ni and V are comparable and they are 18.83 and 19.30%, respectively. As the power further increases to 80 W, the atomic percentage of Ni is more than two times of V. The atomic percentage of O shows a slight decrease as the power increases.



Figure 3 shows the XRD patterns of the Ni-V-O mixed oxide film with various sputtering powers toward the Ni target. There was no diffraction peak observed in the pattern and indicates the structure of Ni-V-O film is amorphous. As we mentioned above, the structure of the V2O5 film which we deposited is amorphous. Here, the co-sputtered Ni-V-O film is also amorphous. It means the addition of Ni into the V2O5 film does not change its amorphous structure.



The morphology of the Ni-V-O film with magnitude of the pictures is 50,000× with respect to the power that was observed by the FE-SEM as shown in Figure 4a–e. The surface shows small agglomerations at the sample of low power deposition. This is due to nonuniform doping of Ni at this low power deposition. The nonuniform doping effect is reduced as the power toward the Ni target increased. As the power increases to 50 W, the film shows regional gaps. These regional gaps disappear as the power further increases to 80 W. The atomic ratio of element Ni is larger than that of V, so the morphology of the Ni-V-O film is smooth and the gaps were filled.



The effectiveness of the Ni addition on the optical properties of the Ni-V-O films was evaluated in the range of 300–1100 nm, and the results are shown in Figure 5a–e. There are three curves in each figure, they are original specimen (without bias), oxidation state (potential at +2.5 V), and reduction state (potential at −2.5 V), and they are shown on the curves as a black square, red circle and green triangle, respectively. The difference of transparency is defined as ΔT = Toxidation − Treduction at the incident wavelength of 600 nm. Table 2 shows the summary of ΔT of the Ni-V-O samples with respect to various powers.



The ΔT values are very low at the samples of low power (<30 W) toward the Ni target of the Ni-O-V film as shown in Figure 5a–c. The ΔT decreases with the increase of Ni doping in the power region of 0–20 W. They are 5.1 and 4.3 at the power of 10 and 20 W, respectively. As the power increases to 30 W, its ΔT is −0.9%. The negative value of ΔT means the Treduction is higher than Toxidation. This is because NiO is an oxidation electrochromic material and shows transparency at a reduction state [31] and it shares a reasonable portion in the Ni-V-O film.



The transparency of the oxidation state decreases with the increase of the Ni doping of the Ni-V-O film as shown in the red circle line of Figure 5a–e. For the oxidation state, V2O5 is yellow color and the NiO is brown to intensify the coloration effect at the oxidation reaction.



As the reduction state of NiO is transparent, the transparency of the reduction state (green triangle) of the Ni-V-O films does not change obviously at the lower doping sample as shown in Figure 5a–d, while a degradation occurs at the sample of 80 W (Figure 5e). On account of the increase of the Ni doping, the ΔT decreases from 5.1 to −0.9% at the power range of 10–30 W. In the cases of sample 50 and 80 W, moreover, the ΔT values are down to −14.9% and −35.2%, respectively. The values become more negative due to the Ni-V-O thin film gradually being dominated by NiO compounds. As we discussed at Table 1, the atomic percentages of Ni and V are comparable and they are 18.83 and 19.30%, respectively, at the sample of 50 W. However, the atomic percentage of Ni comes to more than two times of V as the power is further increased to 80 W. Hence the electrochromism of the Ni-V-O film is dominated by V2O5 compounds at low Ni doping sample, while dominated by NiO compounds at high Ni doping.



The coloration efficiencies of the Ni-V-O thin films after various sputtering powers are also summarized in Table 2. The coloration efficiency of the Ni-V-O thin film is 1.29, 1.58, 0.78, 3.33, and 5.70 cm2/C for the sample with 10, 20, 30, 50, and 80 W, respectively, toward the Ni target. Higher power deposited Ni-V-O thin film shows higher coloration efficiency, as the CE value is 3.33 cm2/C at the sample of 50 W and 5.70 cm2/C at the sample of 80 W. This is because the sample of 80 W has a thicker thickness and its crystal structure is looser than the sample of lower power deposition. Therefore, it has a higher coloration rate.



Table 3 shows the photographs of colored and bleached states of the V2O5 thin film and the Ni-V-O thin film. For the Ni-V-O thin film, some critical conditions such as 10, 50, and 80 W were chosen to display the transparency difference.



CV measurement was employed to investigate the effectiveness of the Ni-V-O thin films as ion storage layer of electrochromic devices, and the obtained results are displayed in Figure 6. Figure 6f shows the typical voltammogram of NiO. The voltammogram of V2O5 thin film with 10 W (Figure 6a) shows a similar loop to that of V2O5 film as shown in Figure 2. An oxidation peak was found at the potential between 0 and 1.3 V, and a reduction peak was found at the potential of −0.6 V. As the power is increased to 20 W (Figure 6b), the shape of the voltammogram loop of the Ni-V-O film transforms gradually and the oxidation and reduction peaks are not obvious. As the power increased to 30 W, the shape of the voltammogram loop as shown in Figure 6c depicts both oxidation and reduction peaks at potentials of 0.1 and −1.1 V, respectively. For the samples of 50 and 80 W, the shape of the voltammogram loops as presented in Figure 6d,e is similar to the shape of the voltammogram loop of pure NiO (Figure 6f). The atomic percentage of Ni is comparable to that of V at the sample of 50 W, and is larger than that of V at the sample of 80 W. This reveals the property of the Ni-V-O film is dominated by NiO compounds.



The charge capacities of various power Ni-V-O film are summarized in Table 2. The charge capacity decreases from 47.88 to 14.28 mC/cm2 at the power region of 10–30 W. The decrease is due to the transformation of the Ni-V-O film from the V2O5 dominate structure to a compactable mixing NiO and V2O5. The charge capacity increases to 57.90 mC/cm2 as the power is increased to 50 W, this is due to the NiO dominate gradually as indicated by the atomic percentage and the voltammogram. As the power is further increased to 80 W, the charge capacity increases to 101.35 mC/cm2, it shows a higher charge capacity the film with 80 W power toward the Ni target during deposition. The atomic percentage of Ni is 21.17% which is about two times of V (11.47%) at the sample of 80 W. The voltammogram of the CV curve of the 80 W sample becomes more similar to that of pure NiO. Additionally, we may say that the structure Ni-V-O film is NiO dominate. Due to the mixing of Ni and V of the Ni-V-O, the structure is looser than that of pure NiO film. This leads to a thicker thickness and high charge capacity of Ni-V-O film than that of dense pure NiO film. The current of CV of the 80 W sample as shown in Figure 6e is higher than that of pure NiO film as shown in Figure 6f.





4. Conclusions


In the research, the electrochromic properties of the V2O5 film and Ni-V-O film were presented. For the undoped V2O5 thin film, the transmittance difference at the wavelength of 600 nm increases from 1.8 to 25.6% as the deposition time of the V2O5 film increases from 1 to 3 h, indicating that the difference of transmittance between oxidation and reduction is increased as the thickness increased. For the Ni-V-O film, slight change of the film nature from pure V2O5 film occurred at the low doping power (<30 W) sample. The charge storage capacity decreases with the increase of Ni doping in this region. As the doping power is above 50 W, the amount of nickel in the film increases, the Ni-V-O films shows high transparency in the reduction reaction and also strengthens the coloring effect at the oxidation reaction. These effects are due to NiO structural domination of the Ni-V-O film. As the doping power was increased up to 80 W, better electrochromic property was obtained. The transmittance difference between colored and bleached states at a wavelength of 600 nm was 35.2% and the charge storage capacity increases to 101.35 mC/cm2. Therefore, in comparison to pure V2O5 films, the Ni-V-O electrochromic films were proved to have certain advantages for the transmittance difference and charge storage capacity.
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Figure 1. The transmittance of the V2O5 thin film; the original sample, colored sample and bleached sample are indicated by squares, circles and triangles, respectively. 
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Figure 2. Cyclic voltammetry of the V2O5 thin films as ion storage layer of the electrochromic device. 
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Figure 3. The XRD patterns of the Ni-V-O mixed oxide film with various sputtering powers toward the Ni target. 
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Figure 4. The surface morphology of the Ni-V-O film by FE-SEM with respect to different powers toward the Ni target (a) 10 W, (b) 20 W, (c) 30 W, (d) 50 W, and (e) 80 W, respectively. 
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Figure 5. The transmittance of the Ni-V-O thin film, the original sample (square), colored sample (circle) and bleached (triangle) sample (a) 10, (b) 20, (c) 30, (d) 50, and (e) 80 W, respectively. 
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Figure 6. Cyclic voltammetry of the Ni-V-O thin films as ion storage layer of electrochromic device with various powers toward the Ni target, (a) 10 W, (b) 20 W, (c) 30 W, (d) 50 W, (e) 80 W, and (f) pure NiO, respectively. 
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Table 1. The composition of the Ni-V-O mixed oxide film with respect to various sputtering powers toward the Ni target.
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	Power (W)
	10
	20
	30
	50
	80



	Thickness (nm)
	221
	241
	259
	282
	337



	Ni (at. %)
	3.20
	4.68
	7.64
	18.83
	21.17



	V (at. %)
	26.04
	24.52
	29.97
	19.30
	11.47



	O (at. %)
	70.76
	70.81
	62.39
	61.86
	61.36
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Table 2. The difference of the transmittance, the charge capacity and the coloration efficiency of the Ni-V-O film with respect to various of powers toward the Ni target.






Table 2. The difference of the transmittance, the charge capacity and the coloration efficiency of the Ni-V-O film with respect to various of powers toward the Ni target.





	Power (W)
	10
	20
	30
	50
	80



	ΔT(%) at 600 nm
	5.1
	4.3
	−0.9
	−14.9
	−35.2



	Charge capacity (mC/cm2)
	47.88
	33.10
	14.28
	57.90
	101.35



	Coloration efficiency (cm2/C)
	1.29
	1.58
	0.78
	3.33
	5.70
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Table 3. The photographs of colored and bleached states of the V2O5 thin film and the Ni-V-O thin film.
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	V2O5
	Ni-V-O 10 W
	Ni-V-O 50 W
	Ni-V-O 80 W



	Bleached
	 [image: Energies 14 02065 i001]
	 [image: Energies 14 02065 i002]
	 [image: Energies 14 02065 i003]
	 [image: Energies 14 02065 i004]



	Colored
	 [image: Energies 14 02065 i005]
	 [image: Energies 14 02065 i006]
	 [image: Energies 14 02065 i007]
	 [image: Energies 14 02065 i008]
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