Rapid Thermal Sintering of screen-printed LiCoO2 Films
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Abstract: 
A rapid photonic sintering process (rapid thermal processing) was used to obtain compact films of cathode active material of lithium batteries. LiCoO2 (LCO) thick films were screen-printed on a steel substrate followed by a contactless thermal processing at 1000 °C in only 90 seconds. A homogenous densification of such layers could be verified by scanning electron microscopy, while the structural consistency of the LCO phase in these layers could be detected by X-ray diffraction and Raman spectroscopy. Furthermore, electrochemical activity of the layer was confirmed by electrochemical cell tests with a liquid electrolyte. 

1. Introduction
The ongoing development of materials and manufacturing processes of thin film electrodes for the use in micro batteries offers the possibility to enable and optimize energy storage systems for special applications [1, 2], such as interactive packaging, medical devices, microelectronics and integrated circuits [3, 4]. Advantageous for these cell types are in addition to their low weight and size, the easy adaption to the device design, higher charge-discharge rates compared to bulk [5], a lower resistance by thinning the layers and deducing from this the possibility of integrating materials with lower ionic conductivity [6].
Thin films can be produced by different processes, which can be classified in two bigger groups. The first group consists of various physical vapor deposition [7, 8] and chemical vapor deposition [9] processes, such as pulsed laser deposition [10] and metal-organic chemical vapor deposition [11]. These processes enable the fabrication of crystalline dense thin layers with a controllable thickness and crystallinity. However, these processes have generally high production costs for thicker films. The second group consists of a two-step process in which at first a layer is created by sol-gel [12] with spin coating [13], or by printing of a ceramic slurry with screen-printing [14-17]. Secondly, the densification of the resulting layer takes place in a separate sintering step. Among these methods, the screen printing process stands out for its easily adjustable and larger layer thickness, simplicity and low cost, which makes it suitable for industrial large scale applications and is already commonly used in the industrial production of solar cells [16, 18, 19].
Even though screen printing enables a fast and economic layer production, the densification is usually linked to a heat treatment with conventional furnaces. The slow heating rates and usually long holding times in the furnaces thus significantly increase the production time. A faster alternative is sintering with light, known as photonic sintering. In this process, the layers are contactless heated by the absorption of light in a quartz-lined furnace with lamps from all sides at high heating rates of up to 100 K s-1. This scalable process is known as rapid thermal processing (RTP). This method is applicable for strongly absorbing materials and is particularly suitable for printed films up to ~100 µm. For such layers, energy transfer is more efficient compared to thicker geometries with hundreds of µm, where large temperature gradients can lead to cracking or spalling of material.
A material suitable for this process is LiCoO2 (LCO), a frequently used cathode material in thin film applications [10, 20, 21]. It has a high electronic conductivity of 10-3 S cm-1 at room temperature [22] and it has a practical specific capacity  of ~140 mAh g-1 [23]. Until now, for screen printed LCO layers Al2O3 or Si-wafers, coated with Pt and thus served as current collectors, were used as substrate [14-16, 24]. The current collectors used in this way require an additional step to apply Pt and are cost-intensive. A more suitable setup would be printing directly onto a thin electrically conductive and comparatively low-cost substrate, like a high temperature stable steel. Thus, saving a production step by directly bonding the current collector with the cathode, providing additionally mechanical strength and opens the accessibility as bipolar interconnector for battery stacking applications. Another promising process for LCO thin films on steel substrates was realized by spin coating an LCO precursor solution with polyvinylpyrrolidone followed by ultraviolet treatment and subsequent low temperature treatment at 400 °C [25]. However, spin coating tends to produce rather thin layers and it is not certain whether this process is also applicable for thicker layers, like those obtained via screen printing.
In the present study, we investigated the applicability of the RTP system for the densification of LCO thick films. A rapid processing route was developed to produce dense cathode layers on a stainless steel (acting simultaneously as a current collector) via a combination of the economical screen printing process and photonic sintering with RTP. 
2. Experimental
2.1. Sample Preparation
 	Commercial LCO powder (MTI CORPORATION) was milled in iso-propanol (ALFA AESAR, 99.5%) in a micro-planetary mill (PULVERISETTE 7, FRITSCH). After drying overnight at 50 °C in air the particles were mixed with a solution of an isomeric mixture of terpineol (SIGMA-ALDRICH, 99.5%) with 6 wt% ethyl-cellulose (SIGMA ALDRICH, 46 cps, 48% ethoxyl basis) and homogenized in a three roll mill (50l, EXAKT) with a minimum roll distance of 10 µm. The substrates (EN 1.4767 steel, VDM METALS) were cleaned in acetone (MERCK, 99.9%), rinsed with iso‑propanol and dried immediately. The layers were produced by screen printing (E2, EKRA) with a polyester screen (27-120 x22.5°, KOENEN). The wet layers were dried overnight at 50 °C in air and pre‑densified with a warm press (40 EH-SERVO, P/O/WEBER) at 150 °C with 200 kN for 2 minutes. Afterwards the binder was removed in a heat treatment process in air with a heating rate of 2 K min-1 up to 500 °C without a dwell time, followed by free cooling. The sintering process was carried out in a RTP device (XERION), with a Pt-Rh thermocouple control with contact to a non-coated substrate as reference. The heating rate of the RTP was 600 K min‑1 and temperatures up to 1050 °C without any dwell time were investigated. Battery cell tests were carried out in ECC-Combi test equipment (EL-CELL®) with a liquid electrolyte (SIGMA ALDRICH, 99.9%), consisting of 1M LiPF6 in ethylene carbonate and dimethyl carbonate (50:50 vol.%), glass fiber separator (EL-CELL®) and lithium metal as anode. 

2.2. Characterization
[bookmark: _Hlk89268684]The particle size of the milled LCO particles were investigated by laser diffraction (LA 950V2, HORIBA) with the Mie-theory in ethanol. Crystallographic investigations were carried out with an X-ray diffraction (XRD) device (D4 ENDEAVOR, BRUKER) between 10-80° in 2θ with the Bragg-Brentano Geometry and Raman spectroscopy mapping (INVIA QONTOR, RENISHAW) with a 532 nm laser and a 1800 l mm-1 grating were performed with a laser power of about 5 mW and 1 s exposure time. In situ high temperature (HT) XRD measurements were performed (EMPYREAN, MALVERN PANALYTICAL) with a heating rate of 5 K min-1, where the XRD-data were collected between 10-80° in 2θ for every 100 °C step, starting at 600 °C. The total data collection time at each temperature yielded ~ 24 min. The fracture edges for the scanning electron microscopy (SEM) images were made by breaking the specimens after cooling in liquid nitrogen. After sputtering of a thin Pt layer, the samples were analyzed by SEM (EVO‑15, ZEISS) with an acceleration voltage of 15 kV. The SEM was equipped with a detector for energy dispersive X-ray spectroscopy (EDS) measurements (ULTIM MAX 100, OXFORD INSTRUMENTS). The optical absorption was measured in reflection mode with a UV-Vis‑NIR spectrometer (1050 LAMBDA, PERKIN ELMER). Cell tests (galvanostatic cycling with potential limitation) were carried out with a battery testing station (VMP-300, BIOLOGIC) with an applied current of 0.44 µA cm‑2. The area of the cathode is 2.27 cm2 and the mass of the active material is 14 mg.
3. Results and discussion
3.1. Optical properties
Screen printing of a slurry of LCO powder on a stainless steel substrate produces homogeneous, black colored and flat layers. The black color of the layer system is important for the followed densification step with the photonic sintering by RTP. Since the RTP furnace generates a continuous radiation by incandescent filaments at around 3000 K, the intensity of the radiation is very high in the visible and the near infrared range. An optical absorption measurement of a pressed and binder removed LCO layer on steel (Figure 1) reveals a high optical absorption of the system in the visible and near infrared range, consequently resulting in a high energy transfer from the radiation source to the sample. This high energy transfer makes photonic sintering possible, since only in this way rapid heating rates of 600 K per minute can be realized inside the layer with the RTP furnace.
[image: ] 
[bookmark: _Ref69643627][bookmark: _Toc92100760]Figure 1: Optical absorption measurement of a pressed and binder-free LCO layer on steel in the visible spectrum and part of the near infrared spectrum.
[bookmark: _Ref60934755]As can be seen from the optical images (Figure 2), the samples heated to 700, 800 and 900 °C show no observable change of their surface after the RTP treatment, while the samples heated at 1000 and 1050 °C had a circular change in color. The macroscopic surface change of the sample suggests that certain processes such as sintering of the LCO could take place at around 1000 °C. The inhomogeneous surface indicates that the sample had probably a temperature gradient from the middle to the edges. In the further analysis, the inner part of the samples was investigated. 
[image: ]
[bookmark: _Ref75089497][bookmark: _Toc92100761]Figure 2: Heat treated samples of LCO printed on EN1.4767 substrate (Ø 17 mm) with their process temperature.
3.2. Microstructural Investigation 
SEM images (Figure 3) confirm the suggestion that no sintering takes place at temperatures below 1000 °C. While no significant sintering is observed for the 900 °C treated sample with only slightly altered shape of the initial particles (Figure 3a and Figure 3b), for the samples treated at 1000 °C (Figure 3c) a pronounced sintered smooth and homogenous surface is observable. The lower limit at which the material starts to sinter in the RTP process must therefore be between 900 and 1000 °C. So far, pure LCO material was sintered as a cast tape at 1270 °C for 10 hours, while hot pressed pellets were sintered at 950 °C for 5 hours with 20 MPa [26, 27]. Using sintering additives such as Li3BO3, the temperature could be reduced to 700 °C and 1 hour dwell time[17]. In contrast, the RTP sintering of LCO films allows an immense reduction of the processing time at the elevated temperatures, as the entire heat treatment process with heating and dwell time takes only 90 seconds at a maximum temperature of about 1000 °C.
[bookmark: _Hlk89267206]The initial particles have grown into two-dimensional coherent connected structures with sizes ranging from 8 – 15 µm. Considering the starting particle size of D10 1.7 µm, D50 5.9 µm, D90 11.9 µm, the particle size difference illustrates the grain growth and the associated sintering step that has taken place. The back scattered electron image (Figure 3d) demonstrates that some small cracks have formed. Since the coefficient of thermal expansion of the EN 1.4767 (1.22 ‑ 1.48 ∙ 10‑5 K‑1 at 100 °C – 900 °C according to the manufacturer), LCO (1.3 ∙ 10-5 K-1 at 50 °C ‑ 400 °C) [28] and Al2O3 thin films (1.3 ∙ 10‑5 K‑1 at 300 °C and 3.9 ∙ 10‑5 K‑1 at 1073 °C) [29] are close to each other, the reason for the cracks is probably sintering mismatch induced by the densification of LCO on the stiff substrate which very likely does not shrink during the heat treatment. In addition, the image shows some planar LCO structures vertical to the sintered layer. It is possible that this orientation has an influence on the performance of the electrode, since the ionic conductivity in LCO is depending on the spatial orientation [30]. In contrast, the back scattered electron image of the 900 °C treated sample (Figure 3b) does not show any of these structures. For this reason, their origin is probably attributable to the sintering process at 1000 °C. 
At the bottom of the fracture cross-section of the 1000 °C treated specimen (Figure 3e) with an average LCO layer thickness of ~15 µm the steel substrate is visible and the sintered LCO layer is on top. Based on this image, the LCO layer is sintered through its entire thickness. A gap between the layer and the steel substrate has formed, as the layer has detached from the steel during the fracture preparation. Evidence of the bond between LCO and the steel is given by a polished cross-section image (Figure 3f) with an adherent layer on the substrate.
[image: ]
[bookmark: _Ref75176602][bookmark: _Toc92100762]Figure 3: SEM images of heat treated LCO samples: a) secondary electron image of the 900 °C sample, b) back scattered electron image of the 900 °C treated sample c) secondary electron image of the 1000 °C sample, d) back scattered electron image of the 1000 °C treated sample, e) secondary electron image of a fractured cross-section from the 1000 °C treated sample, f) secondary electron image of a polished cross-section of the LCO sample treated at 1000 °C.
[bookmark: _Hlk92098079]The EN 1.4767 steel substrate consists mainly of Fe, Cr and Al. At high temperatures, an Al2O3 layer in general forms on the steel, which serves as a passivation layer[31]. In the polished cross-section, this passivation oxide is observable as a continuous layer below the LCO film and between the cathode and the substrate (Figure 3f). The cathode film has sintered with the passivation layer and these have detached from the steel together. 

[bookmark: _Hlk93486657][bookmark: _Hlk92101520][bookmark: _Hlk92098114]EDS measurements of the electrode cross-section (Figure 4) show clearly defined areas of each layer (Co: cathode, Al: Al2O3 passivation layer, Fe: steel substrate). It cannot be excluded that some ion interdiffusion takes place at the interface of the LCO and the Al2O3 passivation layer with formation of, e.g. LiAlO2 due to lithium diffusion into the Al2O3 phase [32] or LiAlyCo1‑yO2 [33] due to Al diffusion into the LCO structure. However, EDS measurements do not provide any unequivocal evidence of such reactions. Low intensity Al signals can be found in LCO above the passivation layer, but only in the areas where the morphology of the cathode not planar. Due to this morphology dependency the signals are not necessarily an indication for the mentioned LiAlyCo1‑yO2 phase but may possibly be an effect of a height difference in the measurement.
[image: ]
[bookmark: _Ref91070726][bookmark: _Toc92100763]Figure 4: EDS Mapping of the Al2O3 interface between the steel substrate at the bottom and the cathode on top with a secondary electron image of the measured area with the element mappings of Al, Fe and Co.
With an even higher sintering temperature of 1050 °C, the surface has less pores, but also the number and size of cracks are increasing (Figure 5a). It is possible that the origin of the cracks is given by areas with greater distance to the surrounding material, and thus at higher temperatures the sintering of the material in this area is prevented and the cracks become wider due to the sintering of the material on both sides of the initial spacing. Another origin could be a temperature induced bending of the substrate. The planar, vertical LCO structures are also observable at 1050 °C (Figure 5b). 
[image: Ein Bild, das Text, draußen, Pflanze enthält.
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[bookmark: _Ref61107592][bookmark: _Toc92100764]Figure 5: SEM images of heat treated LCO samples at 1050 °C: a) secondary electron image of the sample, b) back scattered electron image of the sample. 
3.3. Phase characterization
The chemical stability of the LCO layers against the EN 1.4767 steel was investigated by in situ HT-XRD (Figure 6a). It must be mentioned that the Bragg reflections have a shift to lower angles due to the thermal expansion of the sample. The shown LCO reference (ICDD 00‑016-0427) refers to room temperature. The LCO phase is observable up to 1000 °C. However, a decomposition of the LCO phase starts at 1000 °C, and an additional CoO phase (ICDD 01‑070‑2855) is detected. At 1100 °C a full decomposition takes place and the reflections of LCO are no longer present, and only the CoO phase can be observed. It can be however concluded, that even if a small amount of side phases is formed, the selected steel provides a suitable chemical stability to the cathode material in the required sintering temperature range up to 1000 °C. 
The ex-situ XRD analysis of the RTP treated LCO samples (Figure 6b) reveals the existence of a phase pure rhombohedral structure until 900 °C. At higher temperatures, besides the main LCO phase, CoO is observable as secondary phase, similar to the HT-XRD measurements. Additionally, the LCO reflections are becoming broader with higher temperature, possibly due to a loss of crystallinity. Due to the layer thickness the 900 °C and 1000 °C treated samples show reflexes of the steel substrate.
The secondary phases with the steel substrate and its passivation layer discussed above could not be determined due to a large thickness of the cathode layer preventing detection of any phases beneath the LCO layer.
 [image: ]
[bookmark: _Ref70346853][bookmark: _Toc92100765]Figure 6: a) (left): In situ HT-XRD measurements of LCO on EN 1.4767 steel. The heating rate was 5 K min-1 and each measurement took 24 minutes. The reflections show a shift to lower angles due to the increased temperature. b) (right): XRD measurements of the differently treated LCO samples. The LCO reference (ICDD 00-016-0427) is shown by blue lines and the CoO-phase (ICDD 01-070-2855) is indicated with °, reflexes of the 1.4767 steel substrate are indicated with *.
In addition to the XRD data, Raman spectra of the LCO samples treated at different temperatures were measured to assess the phase composition (Figure 7). The LCO material has two vibrational modes (A1g and Eg), which are observable by Raman spectroscopy and belong to the rhombohedral lattice with the space group  [34-36]. These two signals are observable at all measured spectra (Figure 7) at 488 cm-1 (Eg), 597 cm‑1 (A1g) and at 1170 cm‑1 where a broad A1g overtone is existing and thus show evidence of the presence of the LCO phase in the RTP treated samples [36, 37]. With higher temperatures, the wavenumber shows a small shift to lower wavenumbers. The 1000 °C sample has the A1g at 595 cm-1 and at the 1050 °C sample the A1g is at 593 cm-1. The shift indicates a loss of Li atoms within the lattice, which is more pronounced at higher temperatures [38].
Besides LCO, signals of Co3O4 are observable at 534 cm-1 and 680 cm-1 as side phase, signed with (°) [39]. The line broadening of the LCO signals indicates an increased disorder in the crystal structure. Including the stronger signal of Co3O4 a loss of lithium atoms is the most probable. However, since no other Li residues like Li2O and just small signals of Li2CO3  at 1090 cm-1 are detected, there could also be a random distribution of Li atoms between the LCO layers in the lithium planes of the crystal [40]. This random distribution, which is already described in literature[34], is possibly leading to the observed broadening. Nevertheless, the Raman measurements, like the XRD measurements, show the main phase is LCO even after the high temperature treatment. 
[image: ]
[bookmark: _Ref60763847][bookmark: _Toc92100766]Figure 7: Stack plot of Raman spectroscopy measurements from the differently treated LCO samples with signed secondary phases and the wavenumber of the A1g LCO Signal.
3.4. Electrochemical investigation
[bookmark: _Hlk89269247]Although the results of the SEM, XRD and Raman measurements demonstrate a densification of the LCO layers at 1000°C without significant phase changes, the electrochemical performance of such layers still needs further optimization. The first three galvanostatic cycles (Figure 8a) with liquid electrolyte demonstrate that the screen printed LCO layers are electrochemically active after the RTP sintering process at 1000 °C, as the characteristic plateaus of LCO charge and discharge are observed at a potential around 3.9 V [23]. However, the capacity utilization in a thick layer is relatively low, as only around 52 mAh g-1 has been reached in the first charging cycle, with a fast capacity degradation in the subsequent cycles. Due to the low ionic conductivity of LCO, the thickness of the cathode layer is probably hindering efficient lithiation and delithiation inside the cathode. Compared to conventional LCO cathodes, the relative layer thickness of the RTP sintered layer is larger, considering the aspects that the layer is sintered and thus has a higher density than the binder-bonded cathodes, and additionally it is a pure LCO layer without conductive additives such as carbon black. Also, some cobalt oxides side phases were found by Raman spectroscopy and XRD measurements. These oxides are a direct result of the lithium loss in the LCO and therefore also generate a reduction in capacity. 
[bookmark: _Hlk89269286][bookmark: _Hlk93412319][bookmark: _Hlk72862809]In comparison, cell tests with cathodes produced at 900 °C and 1050 °C show (Figure 8b) a significantly lower capacity utilization in the lower µAh g-1 region for the 1050 °C treated sample and even lower capacity utilization for the 900 °C treated sample. The low capacity values for the 900 °C treated sample are not surprising, since a large part of the cathode is inaccessible due to insufficient sintering and a poor contact with the current collector. For the sample produced at 1050 °C, the loss of connectivity within the electrode layer and the respective reduction in capacity utilization can be attributed to the formation of cracks discussed above. Furthermore, for this sample formation of the higher amount of cobalt oxides is detected by the Raman spectroscopy and XRD measurements, which can also reduce the specific capacity of the cathode. Cell tests demonstrate a very strong effect of the temperature on the performance of RTP sintered cathodes. The temperature should be therefore selected very precisely within a narrow range between 900 °C to 1050 °C to achieve satisfactory electrochemical performance. 
The time and energy savings mentioned above compared to conventional production routes offer great potential for the commercial application of battery technology using screen printing and RTP. However, the capacity of the cathodes must be increased, and a suitable method of electrolyte deposition and sintering must be developed for a functional half-cell production. The use of a composite instead of a pure cathode layer is also conceivable to increase the ionic conductivity within the cathode layer. If these obstacles are overcome, industrial upscaling of the manufacturing processes would be easy, since the layer thickness can be adjusted and the printed area can be increased and handled in RTP, allowing significantly higher throughputs of material to be processed.
[bookmark: _Hlk89268827] [image: ]
[bookmark: _Ref70697618][bookmark: _Toc92100767]Figure 8: Charge and Discharge Capacity vs. Cell Voltage of a) a LCO layer sintered at 1000°C and b) LCO layers sintered at 900 °C (blue) and 1050 °C (red), cycling with 1M LiPF6 in EC/DMC as electrolyte and Li metal as anode between 3.0 V and 4.2 V.
4. Conclusion:
LCO films were fabricated by screen printing on an EN 1.4767 steel substrate. The photonic and contactless sintering of the LCO films was carried out by RTP at different temperatures by using the high optical absorption of LCO. The steel substrate acted as current collector and enabled the mechanical stability of the system. SEM images revealed that sintering at 1000 °C leads to dense ~15 µm thick, smooth layers in a sintering time of only 90 s. XRD measurements and Raman spectroscopy indicated LCO as the main phase, while CoO and Co3O4 have formed as minor secondary phases for temperatures higher than 1000 °C. Lower temperatures showed insufficient densification, while higher temperatures lead to an increased amount of cracks in the layer and an increased amount of side phases. Electrochemical activity could be proven by cell tests with liquid electrolyte.
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