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Abstract. 
Tin dioxide-carbon nanotube (SnO2-CNT) composite films were synthesized on copper substrates by a one-step process using hot filament chemical vapor deposition (HFCVD) with methane gas (CH4) as the carbon source. The composite structural properties enhance the surface-to-volume ratio of SnO2 demonstrating a desirable electrochemical performance for a lithium-ion battery anode. The SnO2 and CNT interactions were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and Fourier transform infrared-attenuated total reflectance (ATR-FTIR) spectroscopy. Comprehensive analysis of the structural, chemical, and electrochemical properties reveals that the material consists of self-assembled and highly dispersed SnO2 nanoparticles in CNT matrix. The process employed to develop this SnO2-CNT composite film presents a cost effective and facile way to develop anode materials for Li-ion battery technology.


1. Introduction
Lithium-ion batteries (LIB) are one of the most popular types of chemistry for portable electronics with one of the best energy-to-weight ratios, no memory effect, and slow rate of self discharge. LIB cells involve transfer of electrons between two host materials of the anode (negative electrode) and the cathode (positive electrode) such that simultaneous redox reactions take place at both electrodes concurrent with insertion/deinsertion of Li cations. While graphite, which exhibits a theoretical capacity of 372 mAh/g, is the preferred anode used in commercial Li-ion batteries, considerable research has been conducted recently to identify different materials as possible alternative anodes exhibiting higher capacity and lower irreversibility. The limited capacity obtained on this commercial LIB moves researchers attention to materials (e.g., Si and Sn) that could deliver from 1000 and up to 4000 mAh/g specific capacity.
SnO2 is being assessed as an anode material to replace the currently used graphite due to its high theoretical capacity, high conductivity, its thermal and mechanical stability in air, and low cost [1, 2]. Sn anodes reversible capacity is approximately 994 mAh/g (Sn) and 790 mAh/g (SnO2) resulting in 4.4 Li for every Sn in comparison with graphite which exhibits a capacity of 372 mAh/g for the intercalation compound LiC6 [3].
The implementation of Sn as an anode is limited by the volume expansion of approximately 259% when cycled causing pulverization and loss of electrical contact between individual particles thus resulting in severe capacity fading over time [4]. A method to minimize the volume expansion is to make the active material structure at the nanometer scale as well as preserving the active material within a matrix constraining the volume change. Earlier, it was demonstrated that addition of 1D carbon nanotubes mitigates the expansion of tin resulting in good cycling capability of the tin-based composite [3]. Tin oxide-CNT composites have been prepared by chemical routes [5, 6], electrospinning [7, 8], and dual processes where the CVD is used to form the CNT followed by a chemical route [9]. Most recently, tin oxide in SnO2-CNT composites was introduced by using CVD gases, such as acetylene and tin chloride (SnCl4) [7]. Most of these processes are time consuming and are not environmentally friendly due to toxic ingredients and products.
The goal of this study was to demonstrate the one-step synthesis of a SnO2-CNT composite by direct CVD growth on a copper substrate. The advantage of the proposed approach using direct deposition of the material on a Cu current collector substrate is in a binder free electrode. The carbon nanotubes serve as the buffering matrix to minimize the volume changes that take place during the alloying-dealloying and provide surface-to-volume ratio needed in transport of ions and electrons.
2. Experimental
2.1. Materials
Copper substrate (GoodFellow, 99.9%), nickel (II) oxide (Alfa Aesar, 99+%), tin oxide nanopowder (Nanostructured & Amorphous Materials, Inc., 99.5%), isopropyl alcohol (Fisher Scientific), ethyl alcohol (Sasma, 95%), and methane gas (Linde, 10% H2) were used in this work.
2.2. Preparation of the Sample
Copper substrates of 0.5 mm thickness and 14 mm in diameter were polished using 600 to 2500 grit sand paper. After polishing, the substrates were ultrasonically cleaned for 5 minutes in isopropanol and dried in nitrogen. The catalyst dispersion for SnO2-CNT growth was prepared by using SnO2 nanoparticles and NiO in a 2 : 1 weight ratio dispersed in ethanol. Other ratios (e.g., 1 : 1, 1 : 2, and 10 : 1) did not lead to substantial CNT growth. The Ni-SnO2 catalyst dispersion was deposited on the substrate surface on a hot plate and dried to form homogeneous coating. The standard CNTs were grown on copper using Ni as the catalyst. The Ni was deposited on the copper surface using the same process as previously described.
2.3. Synthesis of SnO2-CNT Composite
The SnO2-CNT composite films on copper substrates were grown in a custom made hot filament chemical vapor deposition (HFCVD) chamber, which has been previously described in detail elsewhere [10]. Prior to each deposition and before introducing methane, the CVD chamber was evacuated to 
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 Torr. A mixture of 10% CH4 in H2 was used as the carbon source. The gas pressure was kept constant at 35 Torr during the deposition time of 5 minutes. The filament temperature was kept at 
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°C, the filament-substrate distance was 7.5 mm, and the substrate temperature was kept at 
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°C. The surface and nanostructure of the composite films were analyzed by high resolution scanning electron microscopy (HRSEM) with a JEOL JSM-7500F.
2.4. Structural Characterization
The morphology of the SnO2-CNT composite films was performed using field emission scanning electron microscope (FE-SEM) JEOL JSM-7500F and a Carl Zeiss TEM LEO 922 transmission electron microscope (TEM) operated at 200 kV. The TEM sample was prepared by scraping the composite from the Cu substrate into ethanol, depositing it on Cu grid, and drying. The SEM analysis was performed for bare CNT and SnO2-CNT composite for comparison.
Raman spectra of the SnO2-CNT composite films were obtained using a HORIBA Jobin Yvon T-64000 Raman spectrometer with a coherent argon-ion fluency laser operating with a 514.5 nm wavelength at a power density of 5 kWcm−2 with the probing area of about 2 μm2. The Raman spectra were obtained from 100 to 2000 cm−1. This technique was used to determine the G and D bands for the CNTs in the composite films, as well as the 
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 ratio, in order to establish the quality of the carbon nanotube structure.
X-ray photoelectron spectroscopy (XPS) was used to determine the chemical state of each element and organic residues that functionalize the CNT walls and affect chemical interactions with organic compounds or gas adsorption [11, 12]. XPS was carried out using a physical electronic 5600 X-ray photoelectron spectrometer. The analyses were performed at a base pressure of 
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 Torr or lower. The Al Kα X-ray monochromatic source was operated at 350 W and 15 kV; the high resolution XPS survey spectra were performed from 187.85 eV to 29.35 eV. The take-off angle was 45°. Survey scans were performed in order to detect all the chemical elements present, and then high resolution scans were collected for C 1s, O 1s, Sn 3d, and Ni 2p signatures on the SnO2-CNT composite films. All binding energies were corrected considering the aliphatic hydrocarbon C 1s contribution at 284.5 eV. The fitting of all spectra was performed with mixed Gaussian-Lorentzian distributions and iterated Shirley background lines using a multipack software.
FTIR spectroscopy was used to identify organic functional groups on a CNT surface by measuring characteristic vibrational modes. In this investigation, FTIR recording was carried out in the range of 400–4000 cm−1 to study and further characterize the SnO2-CNT composite films. ATR-FTIR spectra of solid SnO2-CNT sample were obtained using a Bruker Tensor 27 with a Helios ATR attachment.
X-ray diffraction (XRD) patterns were determined at room temperature at a scanning rate of 3θ/min. The XRD patterns were determined for the catalyst NiO : SnO2 and the SnO2-CNT composite films. The catalyst solution pattern was recorded in the 2θ range from 10° to 80°. The SnO2-CNT composite film patterns were obtained from 20° to 70°. The analysis was done using a Rigaku Dmax-2200 X-ray diffractometer with Cu Kα radiation (1.5406 Å).
2.5. Electrochemical Characterization
The SnO2-CNT composite samples were assembled in CR-2032 coin cells. The assembly process was performed in a glove box under a dry argon atmosphere. The binder free SnO2-CNTs were used as negative working electrodes with lithium foil acting as both counter and reference electrode and Celgard 2400 as a separator. The electrolyte was composed of 1.0 M LiPF6 dissolved in ethylene carbonate (EC) and diethyl carbonate (DC) in a 1 : 1 volume ratio. Cyclic voltammetry was performed at a 0.1 mV/s scan rate over a potential range of 0.01 V to 2.00 V versus Li/Li+. Charge-discharge measurements were performed between 0.01 and 3.00 V versus Li/Li+ using a Gamry Potentiostat at room temperature; the mass of the electrode was determined by scraping the material from the copper substrate.
3. Results and Discussion
3.1. Materials Characterization
The SnO2-CNT composite films were grown directly on copper substrates by one-step process, resulting in uniformly coated substrates without any cracks. Figure 1 shows SEM images of standard CNT (Figure 1(a)) and SnO2-CNT composites (Figures 1(b), 1(c), and 1(d)). It is readily seen that the CNTs grow in a spaghetti-like structure and micron-size clusters of SnO2 are dispersed among the CNTs (Figures 1(b) and 1(c)). A closer look at the CNT reveals that there are SnO2 nanoparticles as clusters of SnO2 particles embedded in the CNT matrix and dispersed on the outer walls of the CNT. The isolated SnO2 nanoparticles (Figure 1(c)) have a particle size between 5 and 10 nm, and the clusters (Figure 1(d)) have a size range of 30–100 nm. Moreover, the CNTs have regularly spaced nodes resembling bamboo structures, or bamboo-like carbon nanotubes (BCNTs) [11]. The bamboo-like carbon nanotubes consist of diameters between 100 and 200 nm and more than 10 μm of length. The actual structure is more clearly seen in the TEM images (Figure 2(a)). By analyzing the TEM images in a closer scan (Figure 2(b)), we can see that the SnO2 appear on the surface of the CNT as well as in CNT matrix making the CNT a buffering matrix. This composite structure is a direct consequence of the one-step growth process hereby employed, as opposed to sputtering, coating, or painting SnO2 onto the CNT.
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(d)
Figure 1: Field emission scanning electron microscopy images of (a) CNT alone and (b)–(d) SnO2-CNT composite. Circles in figures (c) and (d) indicate the location of the SnO2 particles.
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(b)
Figure 2: Transmission electron microscopy images of SnO2-CNT composite. (a) View of the composite structure and (b) higher magnification which shows the bamboo-like structure of the CNTs and the SnO2 covered partially by the CNT.


Raman spectroscopy was performed on the SnO2-CNT sample to analyze the quality of the carbon nanotubes in the range of 1000–1800 cm−1 (Figure 3). The region contains the D and G bands at 1349 cm−1 and 1576 cm−1, respectively. Well-defined peaks imply high quality of the grown CNT. The band at 1349 cm−1 corresponds to the D band which gives information on the degree of disordered sp2 carbon present in the carbon nanotubes, and the G band at 1576 cm−1 corresponds to a splitting of the 
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) is 0.83. This value indicates that CNTs are significantly disordered in their periodic structure. The 
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 ratio indicates the presence of amorphous carbon, which in our case could contribute to the D band intensity [13].





	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	


	
	
	


	
	
	


	
	
	


	
	
	
	


	
	
	
	


























































































































	
	
	


	
	
	
	
	
	
	
	
	
	
	
	
	
	


	


	


	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
			
		
	



Figure 3: Raman spectrum for the as-grown SnO2-CNT composite from 1000 to 1800 cm−1 showing the D and G bands typical of CNT.


XPS was performed to further study the surface chemistry of the SnO2-CNT composite films. In Figure 4(a), the survey scan of the SnO2-CNT composite is presented. It shows the presence of C, O, Sn, Ni, and Cu, from the substrate. The main peaks for the SnO2-CNTs composites are the following: 284 eV (C 1s), 531 eV (O 1s), 487 eV and 486 eV (Sn 3d), and 856.5 eV (Ni 2p) [14]. Since no spurious peaks are present, the survey scan confirms the purity of the experimental setup for sample preparation procedure and nanostructure growth. Figures 4(b)–4(e) present the high resolution scans of the previously listed elements. Figure 4(b) shows the deconvolution of the C 1s spectrum, considering four band contributions at 284.4 eV, 285.2 eV, 287.8 eV, and 290.8 eV. The main C 1s line appears at 284.4 eV, which corresponds to the sp2 C=C bond pyrolytic graphite [15, 16]. The peak at 285.2 eV corresponds to sp3 carbon (C–C). The higher binding energy observed for sp3 carbon compared to sp2 ones suggests some disordering in the graphite structure [7, 15] which is in accordance with the Raman spectroscopy results. The peak at 287.8 eV has been reported as oxygen carbon (C–O) bonding, and it is possible to observe the carbon sp2 shake-up peak at 290.8 eV [12, 17]. Figure 4(c) presents the high resolution scan for O 1s; the band is asymmetrical and has shoulders at higher binding energies. The deconvolution treatment of the O 1s peak resulted in three peaks at 529.5 eV, 531.4 eV, and 533.4 eV. The main peak for O 1s appears at 531.3 eV, and it has been related to hydroxide species [18]. The peak at 529.4 eV is due to oxygen metal bonding. This peak can be assigned to the presence of Sn and Ni oxides (M–O) [19]. The peak at 533.4 eV was assigned to oxygen adsorbed on the surface of the material [18, 19]. In Figure 4(d), the doublet for Sn 3d5/2 and Sn 3d3/2 is observed at 487.0 eV and 495.4 eV. The separation between these two peaks is about 8.4 eV, which is in good agreement with the energy splitting found in previous reports for tetragonal SnO2 [7, 20, 21]. The NIST database [14] reports oxidizing states for tin as Sn0 (485.0 eV), Sn2+ (485.9 eV), and Sn4+ (486.6 eV). The fitting of the Sn 3d5/2 peak (not shown) was performed with one component attributed to Sn4+, which is in agreement with the presence of SnO2 in the carbon nanotubes composite with a valence of 4+. There was no contribution to any other component which might have emerged from the deposition process. Figure 4(e) shows the peak corresponding to Ni 2p and demonstrates the presence of Ni used as a catalyst for CNT growth with a valence of 2+.
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(e)
Figure 4: X-ray photoelectron spectroscopy spectrum of SnO2-CNT composites: (a) survey scan; (b)–(e) deconvoluted spectra for (b) C 1s, (c) O 1s, (d) Sn 3d, and (e) Ni 2p. Experimental data are represented by dashed lines (- - -) and components contribution is represented by continuous line.


Figure 5 presents the XRD patterns for the Ni : SnO2 catalyst before CVD process (a) and SnO2-CNT composite film after the completion of the CVD process (b). The diffraction peaks corresponding to the Ni : SnO2 catalyst before CVD process are found in Figure 5(a); here, we identified the patterns for tin oxide (IV), NiO, and Cu. The peaks at 2θ = 26.97°, 33.97°, and 51.02° correspond to (1 1 0), (1 0 1), and (2 1 1) lattice planes of SnO2, confirming the tetragonal rutile structure of tin oxide (IV). The peak corresponding to the NiO lattice plane can be observed at 2θ = 37.40°. The peaks present at 2θ = 44.29°, 50.40°, and 74.14° correspond to (1 1 1), (2 0 0), and (2 2 0) lattice planes of copper used as the material supporting substrate. The catalyst XRD patterns were analyzed for comparison with the patterns obtained in the SnO2-CNT composite films.
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(b)
Figure 5: (a) X-ray diffractogram of Ni : SnO2 catalyst dispersion. (b) SnO2-CNT composite films. ((a), (b)) The three peaks characteristic of tetragonal SnO2 are presented as follows: (1 1 0), (1 0 1), and (2 1 1). (b) The CNT pattern is labeled as (0 0 2).


The diffraction peaks for the SnO2-CNT composites films are found in Figure 5(b). Here, the peak for CNT is observed at 2θ = 26.19°, consistent with reference values of crystalline graphite [22]. In this figure, it is labeled as graphite (0 0 2). The relatively strong peaks observed at 2θ = 26.97°, 33.95°, and 51.02° correspond to the (1  1  0), (1  0  1), and (2  1  1) lattice planes of SnO2. The maximum diffraction peaks for the tetragonal SnO2 are in good agreement with the values reported in the literature [8, 23, 24]. The main peak of tetragonal SnO2 (1 1 0) has a higher intensity and is overlapping with the main peaks of graphite (0 0 2). The main peak corresponding to the (1 1 0) plane for SnO2 is maintained after the heat treatment obtained as part of the CNT growth process; this is confirmed by observing the XRD diffraction patterns for the bare CNT. It has been reported that the temperature treatment could cause a structural change of tin in presence of nickel forming Ni3Sn4; in this study, there is no evidence of tin alloy compounds formed other than the carbon nanotube and tin-based composite [4]. The temperature used for this deposition in conjunction with short deposition time improves the purity of the composite material. As a result, no other tin compounds are observed in the SnO2-CNT composite films. The observed XRD patterns confirm that no structural changes took place during the deposition process. The Cu peak observed on the SnO2-CNT composite films XRD patterns originates from the substrate.
ATR-FTIR spectroscopy was used to determine the presence of CNTs and SnO2 as well as determine the presence of any functional groups in the CNTs surface that might have emerged from the deposition process. The ATR-FTIR spectrum (Figure 6) indicates a small absorption peak in the 3500–3700 cm−1 range due to hydrogen-bonded oxygen (O–H) stretch vibrations [25]. The peaks in the 2760–3071 cm−1 region are attributed to asymmetric and symmetric C–H stretching bonds, respectively [26]. The peaks in the 1000–1080 cm−1 are due to the C–C and O–C stretch vibrations of the CNTs [7, 27]. The peak at 817 cm−1 is characteristic of O–Sn–O stretching modes [28]. The above analysis further confirms that the SnO2 and CNTs are assembled into a composite, rather than heterostructure.





	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	


	
	
	
	





















	
	
	



	
	


	
	
	


	
	
	
	
	
	
	
	
	
	


	
		
		
		
		
		
		
		
		
		
		
		
		
		
	
	
		
	
	
		
	
	
		
	


	
		
		
		
		
		
		
	


	
		
		
		
	
	
		
	







Figure 6: Characteristic attenuated total reflectance: Fourier transform infrared spectra of SnO2-CNT composite.


3.2. Electrochemical Characterization
The cyclic voltammetry for the SnO2-CNT composite can be seen in Figure 7(b). The electrochemical measurement allows distinguishing between reversible and irreversible processes that occur as part of the electrochemical process with Li ions. A number of peaks are observed characterizing the SnO2-CNT composite interaction with Li ions in the first cathodic scan. The peak characteristic of lithium intercalation into carbon is observed at 0.01 V (4′), and the deintercalation of lithium from the carbon is observed at 0.20 V (4′′); this is consistent in every cycle indicating that this process is reversible. The solid electrolyte interface (SEI) is formed on the surface of the carbon nanotubes, and this is observed at 0.80 Volts and 1.25 Volts (2); the interpretation is supported by the peak position whose value is typical for the formation of the solid electrolyte interface as reported by Jung et al. This is also supported by comparing it to the CV of the bare CNT (Figure 7(a)). The peak from 0.50 to 0.20 V (3) can be ascribed as the formation of the phases of tin with lithium 
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 as described in (2) [28]. The peak at 1.65 V (1′) is associated with the reduction of SnO2 into metallic Sn as described in (1) [27, 28]. This peak is observed in the second cycle with a lower intensity and at a lower voltage. The anodic peak at 1.80 V (1′′) appears after the first cycle and is thought to be related to the partially related reversible reaction of SnO2 with Li [28, 29].
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(b)
Figure 7: (a) Cyclic voltammetry of bare CNT film on copper at a scan rate of 0.10 mV/s. (b) Cyclic voltammetry of SnO2-CNT composite film on copper at a scan rate of 0.10 mV/s.


Tin oxide electrochemical behavior works on two-step processes: 
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By observing the cyclic voltammetry for the SnO2-CNT composite, we could see that the decomposition of the electrolyte occurs on the surface of the carbon nanotubes. This indicates that carbon nanotubes not only work as a buffering and conductive matrix but also perform as a host matrix for Li, increasing the composite overall capacity. Even though the carbon nanotubes and the tin oxide form a composite, they both interact independently with Li.
To confirm these findings, the CV measurements were performed on bare CNT to compare the interaction of these systems with the Li ions. The bare CNTs were prepared by the same process as the SnO2-CNT using Ni in ethanol as the catalyst solution. In Figure 7(a), the cyclic voltammetry of bare CNT shows a peak characteristic of the electroactive carbon. Here, the peak corresponding to the intercalation of lithium into the CNT is observed at 0.01 V (2). The reversible process is characterized by the anodic peak at 0.20 V (3) corresponding to the deintercalation of lithium from CNT. The solid electrolyte interface (SEI) is observed at 0.80 V and 1.25 V (1), and this is due to the interaction of the electrolyte with the surface of the CNT [28]. This electrochemical characterization shows that Li interacts with the CNT and the SnO2 only excluding contribution of other materials used as part of the deposition process.
The charge-discharge profile for this novel SnO2-CNT composite material was determined at 0.2 mA in a voltage range of 0.01–3.00 V resulting in a charge-discharge profile typical for this type of system [4, 27, 28]. The first discharge capacity for SnO2-CNT composite was of 1200 mAh/g and ending with a discharge capacity of about 1096 mAh/g after 10 cycles. The capacity calculation was determined by taking the total mass of the SnO2-CNT composite material. By observing the shape of the first cycle (Figure 8(a)), we can see that the main process in this system occurs on the first discharge and is in accordance with the CV for this system (Figure 7(b)). Here, the first discharge cycle can be divided into three voltage regions: (1) 0.01–0.6 V, (2) 0.6–1.3 V, and (3) 1.3–3.0 V. The area between 1.3 and 3.0 V is due to the reduction of SnO2 to Sn. The SEI formation can be identified between 0.6 and 1.3 V, and the formation of the Li alloy phases with tin is observed at 0.01 to 0.6 V. It was observed that the first discharge graph reach 0.30 V; this did not affect the consecutive discharge process.
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(b)
Figure 8: (a) First discharge of SnO2-CNT composite. (b) Electrochemical properties of SnO2-CNT composite during the first 10 cycles.


On this material, the carbon nanotube loading is higher than that of tin oxide. The loading for tin on the composite is of approximately 20 wt% determined by TGA (data not shown), and previously it has been reported that similar loadings have increased battery performance due to the introduction of a large carbon nanotube matrix covering the tin oxide from the electrolyte allowing the electrode contact area to be maintained [4, 28]. The SnO2-CNT composite material demonstrated an enhanced first discharge capacity of 1200 mAh/g and a charge capacity of 200 mAh/g. This small charge capacity could be attributed to the formation of the SEI on the surface of the electrode. This decomposition of the electrolyte is involved in the first initial cycles and forms a covering film which consumes Li ions leading to a decrease in reversible capacity [1]. On the second charge/discharge cycle, the SnO2-CNT composite delivered a reversible capacity with 90% capacity retention. In Figure 8(b), the performance of the first 10 cycles is presented.
4. Conclusions
We successfully report novel SnO2-CNT composite films synthesized with a simple, cost effective, and environmentally friendly one step process. The composites were grown directly on copper substrates by means of a hot filament chemical vapor deposition technique, which utilizes methane as the only carbon source. An optimized SnO2-CNT composite film self-assembled into tin dioxide nanoparticles in the outer wall of the CNT and micro SnO2 particles in the CNT matrix were confirmed by SEM and TEM. The multilateral characterizations carried out on the materials show that they consist of tetrahedral SnO2 nanoparticles arranged both on the CNT wall and throughout the CNT matrix with a small amount of amorphous carbon. The highly dispersed SnO2-CNT matrix was analyzed as a lithium ion battery anode resulting in a discharge capacity of approximately 1000 mAh/g for 10 cycles.
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