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Abstract

:

In light of the growing interest in printed batteries, we recently demonstrated the possibility of employing industrial gravure printing in battery manufacturing. Gravure is the most appealing printing technique for the low-cost production of functional layers, but it is rarely investigated since the necessity to use diluted inks makes it difficult to obtain proper functionality, especially in the case of composites, and an adequate mass loading of the printed layer. For this reason, the ink formulation represents one of the main challenges; ruling on it could strongly boost the use of such a technique in industrial manufacturing. It is known that a viable method for obtaining good gravure printing quality is based on the Capillary number approaching unity. Taking into account such methods for the choice of ink and the process parameters, here a study of the printing quality influence on the functionality and the performances of the gravure printed layer is proposed in the case of an LFP-based cathode for Li-ion batteries. Good printing quality is necessary to obtain proper layer functionality, but specific parameters have to be considered for achieving high performance.
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1. Introduction


Printed batteries are more and more investigated thanks to their small size (volume below 10 mm3), which makes them particularly suitable for portable and wearable electronics, biomedical devices, and the emerging internet of things (IoT) [1,2]. In fact, such batteries are able to respond to the most recent needs of miniaturization, integration, high customizability, and cost-effective production. In particular, the printed batteries can be produced in thin film form, also in a single in-line process, by the overlap of different layers, without any problem of alignment compared with other manufacturing processes, thanks to the automatic register. In perspective, the integration and perfect fitting of the batteries and different devices to be fed can be obtained by the same production process thanks to the versatility of the printing, which is appealing for the manufacturing of all the layered devices such as electronics. Such thin batteries are suitable for folding and rolling, appearing particularly appropriate for smart dust applications [3,4]. Recently, such growing interest motivated our studies on the use of gravure printing for the manufacturing of printed batteries.



Among the traditional printing techniques, gravure is considered the most attractive for low-cost functional layer production because of its unique capability to couple high speed (up to 400 m/min) and high resolution (below 2 µm), even in large-area printing [5,6,7]. Despite its many advantages, gravure printing is rarely investigated. One of the main challenges is the necessity to use highly diluted inks (<100 mPa s), which makes the achievement of proper functionality and/or an adequate mass loading of the printed layer difficult, especially in the case of composites as the electrodes [1,8]. Moreover, changing a component of the ink implies that a new formulation has to be investigated in terms of preparation and process parameters.



In our previous studies, we demonstrated the possibility of obtaining gravure printed electrodes for Li-ion batteries showing very good performances in terms of specific capacity, stability, and long-life cyclability [9,10,11]. Moreover, we developed a methodology, mainly based on the dimensionless Capillary number approaching unity, as a driver for the ink formulation and the choice of process parameters [12]. The Capillary number is related to the ink viscosity, surface tension, and printing speed; when this number approaches unity, good printing quality is typically achieved [7]. Here, a study on the correlation of the printing quality with the functionality of the gravure printed layer is proposed. For such an investigation, gravure-printed cathodes based on Lithium Iron Phosphate (LFP) were selected since they are widely used, investigated, and stable.




2. Materials and Methods


The inks were prepared using the following materials at a fixed weight percentage as dry content: LFP by Sud Chemie as active material (88%), sodium Carboxy Methyl Cellulose (CMC) by Panreac Quimica as binder (6%), and super P by Thermofisher as conductive carbon (6%). A mixture of demineralized water and 2-propanol (IPA, by Sigma Aldrich, St. Louis, MI, USA) (80/20 wt/wt%) was used as a solvent. Ball milling was introduced in the ink preparation to improve the mixing and material distribution using a short treatment time (5 min) in order to limit the LFP particle size and functionality decrease. The rheological behavior of the inks was analyzed by a rotational rheometer (by Haake, Waltham, Massachusetts, USA) at 25 °C in a range of shear rates of 1–2000 s−1. The inks were gravure printed on aluminum foils (thickness of 15 μm, by Sigma-Aldrich) using an IGT G1-5 printer equipped with a cylinder having a line density of 40 lines/cm, a stylus angle of 120°, a cell depth of 72 µm, and a screen angle of 53°. A multilayer approach was adopted to obtain a mass loading suitable for printed batteries by overlapping ten layers of the same ink. In fact, preliminary printing tests were performed to evaluate the number of layers suitable to obtain a mass loading adequate for practical use (about 1.5 mg/cm2, fixed as the target). After each printed layer, a fast drying using nitrogen was performed, while the final multilayer was dried at 100 °C for one hour. The printed cathodes were characterized through scanning electron microscopy (SEM, 1530, LEO Elektronenmikroskopie GmbH, Oberkochen, Germany), a digital micrometer (by Mitutoyo, Neuss, Germany), and tested in batteries versus lithium metal through charge and discharge cycles at constant and variable rates by Maccor equipment, using as electrolyte 1 M LiPF6 in a 3:7 (wt:wt) mixture of ethylene carbonate (EC) and diethyl carbonate (DEC).




3. Results and Discussion


Gravure printing consists of direct low-viscosity ink transfer from separate engraved microcells of a chromed cylinder onto a substrate by the pressure of a counter cylinder, as depicted in Figure 1 [13,14].



Several parameters come into play in determining the final quality of the printed layer: the physical ones of the ink (viscosity, rheological behavior, surface tension, solvent evaporation rate) and of the substrate (surface energy, porosity, smoothness), together with those of the process (cell geometry and density, printing force and speed) [7,15].



The gravure printing process can be seen as a sequence of sub-processes, as follows: inking, for the ink microcells filling; doctoring, for removing the excessive ink from the non-engraved areas of the printing cylinder by means of a blade; transfer, for transferring ink onto the substrate by the pressure of a counter cylinder; spreading, when single ink droplets coalesce on the substrate, forming a continuous film; drying, when the solvent is removed from the film [13]. Each of such sub-processes has its own ideal operating regime, which corresponds to the final material arrangement in the printed layer [6].



Although it may seem like a relatively simple process, gravure printing has a complex multi-physical nature, involving capillarity, viscoelasticity, inertia, gravity, moving contact lines, and solvent evaporation changing ink composition, which makes modeling extremely challenging [6,16,17]. Since many different physical quantities are involved, dimensional analysis is typically used to simplify the complex gravure printing process, representing a useful tool for describing the physical system’s behavior. At the microscopic level, the process fluid dynamics can be essentially reduced to the balance between viscous and surface tension forces, where the latter are the driving forces for the ink flow [6,18]. As a result, such a balance controls the printed pattern’s morphology and fidelity [7]. At a particular printing speed (U), the Capillary number represents the dimensionless number giving the strength of viscous forces over surface tension ones, as Ca = ηU/γ, where η and γ are the viscosity and the surface tension of the ink, respectively [6,19,20]. Each gravure printing sub-process can display different dependencies on Ca, thus producing different regimes [6]. At low Ca, the pattern fidelity can be degraded by the ink drag-out from the cells, while at high Ca, ineffective doctoring can leave the ink in the non-engraved areas. Typically, the optimal compromise is achieved by adjusting the ink parameters and the printing speed to attain a Ca ≈ 1, but deviations could be considered since the final printing quality depends on the complicated interplay of all the involved parameters [6,7,13,21]. However, it is not obvious that such a fluid-dynamic criterion of graphic print quality can simply be applied to functional materials for the fabrication of functional layers.



Here, an investigation of the influence of the printing quality on the layer functionality is proposed for functional printing of LFP-based cathodes for Li-ion batteries. Namely, using Ca approach unity as a method for both the ink formulation and printing process, the functional assessment of the gravure printed cathodes is discussed.



Electrodic ink formulation has to contain specific components in an appropriate ratio: an active material (LFP), an electrical conductor (super P), and a binder (CMC). In particular, the binder was selected to be soluble in water; in this way, water can be used as the main solvent for improving the sustainability of electrode production. To obtain ink printability, 2-propanol was considered a co-solvent for decreasing the high water surface tension, making the surface tension of the ink lower than the surface tension of the substrate and of the printing cylinder [22,23]. Moreover, to meet the gravure printing requirements, the ink viscosity has to be lower than 100 mPa s; consequently, different ink solid contents were tested, changing also the preparation method as reported in Table 1. In particular, short-time ball milling was used to improve the mixing of the materials. The surface tension of all the prepared inks was considered the solvent one, and it was about 30 mN/m [24].



The inks having a solid content of 15 wt% fulfilled the gravure ink requirements and were gravure printed on aluminum foils overlapping ten layers of the same ink to reach an adequate mass loading for cathodic practical use. The viscosity values, reported in Table 1, were obtained by the rheological measurements considering the viscosity values at shear rate 100 s−1; such values were used for the Capillary number calculation since the rheological behavior of the tested inks was considered Newtonian, as shown in Figure 2. It is evident that the short-time ball-milled ink has a viscosity lower than the non-ball-milled ink, probably due to the decrease in large particle size, which improves particle flow and packing.



To determine the proper printing speed for obtaining a Ca approaching unity, calculations for the selected inks were made as reported in Table 2. Aiming to compare ball milled and not ball milled samples, only the cases in which Ca was closer to 1 were characterized, as reported in Table 2, where the characteristics refer to the overall printed layers (namely 10 overlapped layers). Printing tests were carried out to find the best printing force and the suitable number of overlapped layers to obtain both an appropriate mass loading (about 1.5 mg/cm2) and the absence of macroscopic defects.



In Figure 3, the SEM images of the investigated printed cathodes are reported. In both cases, the samples showed high quality, namely, without visible defects, very good coverage, and high uniformity in the material distribution. When the ink is ball milled, a slight decrease in the particle dimension is evident on the top surface of the printed layers. The gravure-printed cathodes were finally tested in half-cell vs. Lithium metal.



The electrochemical characterization of the printed cathodes is reported in Figure 4 at a constant and variable rate, respectively, for both samples. As it can be seen, the performances display good functionality of the printed layers; in particular, the specific capacity of the printed cathode obtained by the ball-milled ink is very close to the theoretical value (170 mAh g−1), while the printed cathode obtained by the non-ball-milled ink shows a slightly lower specific capacity, especially at high rates. Probably, this is due to the effect of the short ball-milling time that slightly decreases the active material particle size, increasing its surface/volume ratio, and improving the interconnection among the components at such a fixed percentage. On the basis of the theoretical density of each component, the porosity of the electrodes was estimated at 38% for the layer printed using non-ball-milled ink and at 36% for the layer printed using ball-milled ink. The very good properties obtained through the gravure printing allow to skip the calendering step in the electrode manufacturing process, which instead is necessary when typical casting/coating processes are used.



Therefore, the methodology based on Ca for the ink formulation and the printing process is a very good driver for obtaining good gravure printing quality. The high printing quality is a necessary condition for the layer functionality but is not sufficient to guarantee a high functional quality, which is influenced by additional specific parameters, as in the case of printed batteries, where the contribution of mass loading, component ratio, component distribution, and layer density plays an important role. When all the conditions are respected, very good performances are achieved; in fact, for the electrodes, a long cycle life is obtained, cycling at high and constant capacity without fading for a long number of cycles [10]. This is due to the high homogeneity and lack of defects in the printed layers, which avoid preferential accumulation during the charge and discharge processes and preventing local degradation and dendrite formation. It is expected that such good results can also be achieved in the study of other storage systems, especially in the case of large-area devices.



The obtained results can be considered useful for the gravure printing of different functional layers since they validate a method for obtaining good printing quality, thus enabling specific layer functionality. However, every single time the system, the application, and the involved materials change, a specific study is necessary to achieve high performances in order to keep into account specific parameters and challenges that play a fundamental role in each considered case.




4. Conclusions


In this paper, a methodology based on Ca for obtaining a high-quality gravure printed layer is discussed in the specific case of printed batteries. The experiments showed that the choice of ink and process parameters for Ca approaching unity is a good driver to provide a good printing quality able to guarantee the proper functionality of the printed layer. Nevertheless, such a condition is not sufficient to obtain high-quality performances, depending on the specific parameters that come into play for each specific functionality. In this case, ink ball-milling was able to improve the electrochemical performances of the gravure-printed cathodes owing to its ability to improve the material distribution and the interplay of components. Such a study case of an LFP printed cathode can serve as a model for extending the obtained results to other electrodes, including anodes, based on different active materials, e.g., graphite or lithium transition metal oxides, for which the methodology for inks and processes and the boundary conditions are similar. Such a study provides an important improvement in the process knowledge devoted to gravure printing functional layer production and represents a further boost for the future low-cost industrial use of gravure printing in the field of printed batteries.
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Figure 1. Schematic of the gravure printing process. Adapted with permission from Ref. [14]. 
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Figure 2. Viscosity versus shear rate for the 15 wt% not ball milled (no BM) and ball milled (BM) inks at 25 °C. 
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Figure 3. Top surface of the gravure-printed cathodes by non-ball-milled (A,A’) and ball-milled (B,B’) ink. 
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Figure 4. Discharge specific capacity versus cycle number for the gravure printed cathodes by non-ball-milled (no BM) and ball-milled (BM) ink at a constant C/10 rate (A) and variable rate (B). 
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Table 1. Prepared ink characteristics.
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	Dry Solid Content

[wt%]
	Ball Milling
	Viscosity

[mPa s]





	23
	No
	245



	18
	No
	196



	15
	No
	74



	15
	Yes
	43



	8
	No
	17
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Table 2. Printing parameters and printed layer characteristics.
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	Dry Solid Content

[wt%]
	Ball Milling
	Printing Speed

[m/min]
	Printing Force

[N]
	Ca
	Mass Loading

[mg/cm2]
	Layer

Thickness

[µm]
	Apparent Layer Density

[g/cm3]





	15
	No
	12
	700
	0.5
	
	
	



	15
	Yes
	12
	700
	0.3
	
	
	



	15
	No
	36
	700
	1.5
	1.8 ± 0.2
	20 ± 1
	0.90



	15
	Yes
	36
	700
	0.8
	1.4 ± 0.2
	15 ± 1
	0.93



	15
	No
	60
	700
	2.4
	
	
	



	15
	Yes
	60
	700
	1.4
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