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Abstract. 
High-aspect-ratio cobalt-oxide-coated Tobacco mosaic virus (TMV-) assembled polytetrafluoroethylene (PTFE) nonstick surfaces were integrated with a solvent-free polymer electrolyte to create an anode-electrolyte interface for use in lithium-ion batteries. The virus-assembled PTFE surfaces consisted primarily of cobalt oxide and were readily intercalated with a low-molecular-weight poly (ethylene oxide) (PEO) based diblock copolymer electrolyte to produce a solid anode-electrolyte system. The resulting polymer-coated virus-based system was then peeled from the PTFE backing to produce a flexible electrode-electrolyte component. Electrochemical studies indicated the virus-structured metal-oxide PEO-based interface was stable and displayed robust charge transfer kinetics. Combined, these studies demonstrate the development of a novel solid-state electrode architecture with a unique peelable and flexible processing attribute.


1. Introduction
The high energy, power densities, and excellent cycling stability of lithium-ion batteries have made them the preferred system for many portable electronic applications [1]. However, the liquid-based organic electrolytes commonly used in these systems are typically flammable and impose weight and size constraints that significantly limit their application [2]. To mitigate these issues, recent efforts have focused on the development of solid-state polymer-based lithium-ion electrolytes [3–7]. Polymer-based electrolytes can be readily processed to produce thin films that can be configured into a range of packaging shapes and coatings. In addition, the composition and self-assembly aspects of different block copolymer electrolytes can be combined and tuned to create electrolyte architectures tailored to enhance specific battery properties [8–11]. These polymer-based systems are also generally lighter and resistant to fire, making them safer and potentially more economical to use. However, a key obstacle in the use of polymer-based electrolytes is their reduced ionic conductivity and the high interfacial resistance that occurs between the electrode and the solid electrolyte. One method to enhance the charge transfer and rate performance in these systems is to create nanoscale three-dimensional electrode-electrolyte interfaces with increased surface areas and shortened Li+ diffusion lengths. Unfortunately, it is currently difficult to achieve such three-dimensional nanoscale electrode-solid electrolyte interfaces using traditional micromachining and casting methodologies [12, 13]. Thus, there is a need to identify novel methods to interface polymer electrolytes with three-dimensional electrode patterning capabilities.
 Biological macromolecules encode unique properties that include self-assembly, genetic programmability, and diverse functionalities that have made them attractive building blocks for the development of nanoparticles and surface features [14, 15]. In particular, the uniform structure and assembly processes of virus particles have been used to develop battery electrodes and memory devices [13, 16–18]. For example, Nam et al. [13] demonstrated the use of M13 virus in the fabrication of a two-dimensional electrode-polymer electrolyte interface with enhanced battery applications. Previous efforts by our group have developed a novel combination of genetically engineered Tobacco mosaic virus (TMV) and electroless plating techniques to obtain near uniform inorganic coatings of Ni, Co, Pt, and silica on three-dimensionally patterned virus templates [18–21]. TMV produces a rod-shaped particle of 300 nm in length by 18 nm in diameter with a 4 nm wide central channel. Individual particles are assembled from ~2130 identical 17.5 kDa coat protein subunits wrapped in a helical array around the virus’ single-stranded RNA genome. Using the known three-dimensional structure of TMV, we created novel coat protein mutants such as TMV1cys, which has a unique cysteine codon within the N-terminus of the coat protein open reading frame [18]. The positioning of the 1cys mutation directs viral rod attachment via its 3′ end onto gold and other surfaces, including stainless steel and SiN [18, 22]. Combined with electroless plating methods, this process yields high aspect ratio surfaces composed of evenly coated virus templates containing confluent metal coatings as thin as 15 nm in thickness [18, 22]. These virus-assembled surfaces have been shown to enhance anode function in Ni-Zn and Li-Si battery systems [18, 23].
In this study, we demonstrate the production of virus assembled three-dimensional electrodes on nonstick polytetrafluoroethylene (PTFE) surfaces. The PTFE-assembled virus enhanced electroless coatings of cobalt and served as a robust template for the casting of a poly (ethylene oxide) (PEO) and poly (methyl methacrylate) (PMMA) based block copolymer that possesses a high transference number and excellent electrochemical properties [6, 7]. The resulting virus-assembled-polymer electrolyte system was easily peeled from the PTFE surface to produce a flexible electrode-electrolyte interface with stable electrochemical properties.
2. Materials and Methods
2.1. Virus Assembly, Patterning, and Coatings
A PTFE substrate was used for electrode release studies and SEM observations, while an Au-coated stainless steel substrate, in the form of a CR2032 coin disk, was used for electrochemical testing. To pattern the virus-structured PTFE surfaces, a parafilm mask with 1 cm2 square opening was applied to a PTFE-coated substrate (Bytac Saint-Gobain Performance Plastics Poestenkill, NY). Virus-assembled surfaces were prepared by immersing the parafilm-patterned PTFE or Au-coated stainless steel discs in a solution of 0.2 mg/mL purified TMV1cys in 0.1 M pH 7 phosphate buffer and incubating overnight [18]. Cobalt-coated TMV electrodes were prepared using an electroless plating method as described in Royston et al. [18]. In summary, a 0.02 M solution of Na2PdCl4 in methanol was added to the virus solution to a final Na2PdCl4 concentration of 0.0015 M and allowed to incubate for 30 minutes. The virus solution was then removed and replaced with a cobalt electroless plating solution consisting of 0.033 M cobalt (II) sulfate, 0.008 M glycine, 0.5 M sodium tetraborate, and 0.175 M dimethylamine borane. The plating reaction was allowed to proceed for 10 minutes. The plating solution was then removed and the virus-coated surface washed with ethanol and dried overnight under vacuum before being moved into an argon-filled glovebox.
2.2. Analysis of Virus-Assembled Surfaces
 Virus-assembled surfaces were visualized using a Hitachi field emission scanning electron microscope (FESEM) at 5–20 kV accelerating potential. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis 165 X-ray photoelectron spectrometer operating in hybrid mode, using monochromatic Alkα radiation (1486.6 eV) at 220 W. Survey spectra and high-resolution spectra were collected with a pass energy of 160 eV and 20 eV, respectively. All data were calibrated to the hydrocarbon contamination peak at 284.8 eV. Peak fitting was carried out using CASA XPS software (http://www.casaxps.com/). Peaks were fit with a 70% Gaussian, 30% Lorentzian peak shape after subtraction of a Shirley background. X-ray diffraction (XRD) pattern was recorded on a Bruker Smart1000 using CuKα radiation.
2.3. Preparation of the Polymer Electrolyte Membrane
 The PEO-b-PMMA block copolymer (Molecular weight, 3000 : 500 for PEO : PMMA) (Polymer Source Inc.) was used as starting material to synthesize the diblock copolymer PEO-b-(PMMA-ran-PMAALi) [6]. Electrolyte films were prepared inside an argon glove box. The diblock copolymer PEO-b-(PMMA-ran-PMAALi) and LiBOB (Chemetall GmbH) were mixed in previously optimized compositions of 4 : 1 (PEO : LiBOB) and dissolved in anhydrous and degassed tetrahydrofuran (THF) [6, 7]. Electrolyte membranes were then prepared by solution casting onto the virus-assembled Bytac molds or virus-assembled Au-coated stainless steel disks resulting in translucent polymer films. The drying process lasted for several days under an argon atmosphere, followed by at least 48 hours of drying under vacuum. The resulting block copolymer has a low molecular weight and a high salt loading capacity, resulting in enhanced conductivity and transference numbers [7]. Cross-sectioning of the electrode-electrolyte interface was carried out in an argon glove box using a scalpel. Cross-sections were then transported inside a sealed vial under argon and quickly mounted on an FESEM sample holder followed by placement under vacuum to limit exposure to moisture.
2.4. Half-Cell Assembly and Testing
To demonstrate the electrochemical performance of the electrode-polymer electrolyte assembly, half-cells with Li metal as a counter electrode were assembled and tested in CR2032 coin cells. Solution casting of the block copolymer onto the virus assembled Au-coated stainless steel current collector was done as described above. Washers made from Celgard membranes were used as separators to standardize the area between the virus-assembled polymer electrolyte and the Li metal counter electrode. CR2032 coin cells were annealed at 75°C for at least 48 hrs before electrochemical testing. Cycling studies were performed at 80°C at various charge-discharge rates to study the dynamics of the half-cell’s capacity performance between 3 and 0.3 volts using an Arbin battery test station.
3. Results and Discussion
 Previous studies demonstrated that TMV1cys binds in an oriented fashion to numerous surfaces including gold, stainless steel, and the polymer SU-8 [18, 21]. In this study, we demonstrate for the first time that TMV1cys is capable of similarly interacting with PTFE surfaces. Scanning electron microscopy (SEM) was used to study the 3 D TMV-templated cobalt oxide electrode structure. Figure 1 shows the SEM images of cobalt-coated TMV1cys at 15 k and 50 k magnifications. The rod-shaped virus is generally attached to the surface at one end and largely oriented away from the underlying PTFE. This configuration significantly increases reactive surface area by as much as 80-fold depending upon virus concentration [23]. The electroless plating process can be seen to provide very consistent and reproducible cobalt coatings that have a continuous metal layer ~20 nm in thickness. Attempts to assemble the unmodified wild-type virus onto the PTFE surface were unsuccessful (data not shown) indicating that the thiol groups on the TMV1cys virus are critical for assembly on PTFE surfaces. Based on this finding, we hypothesize that the electronegativity of the PTFE attracts the sulfhydryl groups exposed at the end of the TMV1cys particle, thus allowing the virus to form a noncovalent association with the PTFE surface. Once assembled on the PTFE surface, TMV1cys functions as a robust template for the deposition of cobalt and other metals via electroless plating as previously described [18, 23]. The inability to produce uniform cobalt coatings on bare PTFE via electroless plating further demonstrates the importance of the assembled TMV1cys as a template for the attraction and deposition of metals on this surface (Figure 2).
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(b)
Figure 1: SEM analysis of cobalt-coated TMV1cys assembled surface at (a) 15 K and (b) 50 K.
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(b)
Figure 2: Electroless cobalt coatings on (a) a patterned TMV1cys assembled PTFE surface and (b) a patterned unmodified PTFE surface. Parafilm masks were used to delineate 1 cm2 square openings.


Analysis of the cobalt-coated TMV1cys substrates was performed to determine the suitability of this material to function as a battery electrode. XRD patterns generated from the gold-coated stainless steel substrate and a similar substrate carrying the cobalt-coated TMV1cys are shown in Figure 3. The XRD pattern of the substrate alone shows the characteristic peaks for FeNi alloy that is the main component of the stainless steel and the peaks for the Au coating. The XRD pattern from the cobalt coated TMV1cys substrate clearly shows additional peaks at 30.6°, 36.7°, and 64.8° beside the peaks for stainless steel and Au. The positions of these new peaks are consistent with the XRD pattern of crystalline Co3O4. Similarly, high-resolution XPS scans for Co 2p show a ratio of ~10% metal and ~90% oxide with Co 2+ in the high spin state (Figure 4). This amount of oxide at the surface was consistent with the exposure of the metal surface to air. Combined these elemental studies indicate that the cobalt-coated virus surfaces are sufficient for electrode function.





	
	
	
		
			
	
	
		
			
	


	
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
		
	
	
		
		
	
	
		
		
	
	
		
			
			
		
		
			
		
		
			
		
		
			
		
	
	
		
		
		
		
	
	
		
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	


Figure 3: XRD analysis of a cobalt-coated virus-assembled surface. Peaks labeled with X are Co3O4, # are FeNi, and O are Au.
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(b)
Figure 4: XPS spectrum of the (a) Co 2p3/2 and (b) O 1s peaks from a cobalt-coated TMV1cys surface.


Solution casting of the block copolymer electrolyte onto the cobalt-coated virus-assembled PTFE surface produced flexible translucent films as seen in Figure 5. Once the polymer film was dried, it could be easily peeled from the PTFE surface, leaving no residue from the virus-patterned electrode behind. Cross-sections of the electrode-electrolyte assembly were studied using SEM as shown in Figure 6. The lower-magnification SEM image (Figure 6(a)) clearly shows the flat released backside of the TMV1cys electrode that was peeled from the PTFE surface. The higher-magnification SEM image (Figure 6(b)) shows that the casting method permits the polymer electrolyte to fully intercalate within the three-dimensional TMV1cys electrode. The integration of the polymerized diblock copolymer provides the means for the simple release of the cobalt-coated virus electrode from the mold. The ability to cleanly peel off the cobalt-coated virus templates from the PTFE surface represents a unique means of patterning and producing flexible nanofeatured electrode-electrolyte interfaces.





	
		
	
	
		
			
			
				
			
		
	
	
		
	
		
	
		
			
			
				
			
		
	


	
		
			
				
				
			
			
				
			
			
				
			
			
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
			
		
	


Figure 5: Flexible polymer electrolyte-TMV1cys templated electrode half-cell. Virus assembly, cobalt coating, and polymer casting were done on a PTFE (Bytac) surface. The assembled half-cell was then peeled from the PTFE surface (picture taken inside an argon glovebox).
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(b)
Figure 6: SEM images showing the TMV1cys assembled polymer-electrode interface at (a) 9 K and (b) 30 K. The polymer electrolyte-virus electrode half-cell was peel-released from a PTFE (Bytac) surface before being sliced with a scalpel and mounted for SEM visualization.


To characterize the electrochemical properties of the TMV1cys enabled electrode-electrolyte interface, a coin-cell-assembled electrode was discharged (lithiation) and charged (delithiation) at various current densities at 80°C. Figure 7 shows the rate performance of the TMV polymer electrode and the charge/discharge curves at different current densities. The TMV1cys electrode shows a stable initial capacity of 0.7 mAh cm−2 at 0.06 C. Subsequent increases in the C rate by two-, five-, and ten-fold produce only incremental losses in electrode capacity (Figure 7(a)). In addition, restoration to the original C rate fully restored electrode capacity. These observations are consistent with good charge transfer kinetics at the electrode-electrolyte interface and indicate that the virus-assembled cobalt anode is in good contact with the block copolymer electrolyte and that this contact is stable throughout the experiment. Combined these data indicate that the virus-patterned cobalt oxide surfaces can be readily intercalated with a polymer electrolyte to produce robust high-surface-area solid-state electrode-electrolyte interfaces.
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(b)
Figure 7: Capacity profile at different C rates (a) and the charge-discharge profile at corresponding cycles (b) of the TMV1cys assembled PEO-b-(PMMA-ran-PMAALi) half-cell when galvanostatically cycled at 80°C.


4. Conclusion
The demand for portable electronic devices is driving the development of compact power sources that combine enhanced energy storage characteristics with flexible battery architectures that are both safe and durable. Here, we describe the development of a novel virus-assembled electrode-electrolyte interface system that effectively produces tailored battery components of various form factors. This electrolyte-electrode interface leverages the use of a biologically driven assembly process to produce a three-dimentional nanostructured conductive surface of high area. The TMV1cys assembly process also provides a robust surface for the deposition of electrode metals that could not otherwise be obtained on a PTFE surface. This electrode-electrolyte interface is further enhanced by the use of a low-molecular weight block copolymer electrolyte material that efficiently intercalates within the nanostructured electrode surface to produce a flexible electrode backing. Combined with the virus’ ability to assemble onto nonstick PTFE surfaces, this process represents a novel approach toward the production of peelable battery components that can address the size and shape constraints of device designs.
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