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Abstract

:

Electrolytic copper foil is ideal for use in the anode current collectors of lithium-ion batteries (LIBs) because of its abundant reserves, good electrical conductivity, and soft texture. However, electrolytic copper foil is prone to corrosion in electrolytes and weak bonding to the anode substance. Surface modification of copper foil is considered an effective method of improving the overall electrochemical performance of LIBs. In this study, a 5 nm thickness phytic acid (PA)-based film is constructed on electrolytic copper foil using a fast electrodeposition process (about 10 s). PA-treated copper foil (PA-Cu) displays an improved corrosion resistance in electrolytes because of a strong complexation between the PA and copper. It is found that PA-treated copper foil also bonds better with graphite particles compared with pristine copper foil. LIBs with PA-Cu foils as their current collectors exhibit enhanced cycling stability, improved capacity retention, and superior rate performance at both low and high current densities. Our study offers a novel avenue for the development of high-performance electrode current collector materials for LIBs.
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1. Introduction


The development of electronic devices and electric vehicles has put forward new requirements for lithium-ion batteries (LIBs), such as higher energy density, longer working life, and better rate capability [1,2,3,4]. At present, studies on the cathodes, anodes, and electrolytes of lithium-ion batteries are widely studied [5,6,7,8], and a lot of promising results have been verified to improve the electrochemical performance of LIBs [9,10,11,12,13]. However, limited attention has been paid to current collectors, which are the carriers of active substances and the transmission bodies of electron flow. The stability of current collectors in electrolytes has a profound influence on the electrochemical performance of LIBs [14,15,16,17,18,19].



The general requirement for the current collector is that it should bond active substances tightly and have enough conductivity to ensure the overall performance of LIBs. Electrolytic copper foils with a certain thickness and surface texture are chosen to be the negative electrode current collectors of LIBs because of their good conductivity, mechanical behavior, and chemical compatibility with LIBs. However, the interfacial resistance between the current collector and the graphite anode is relatively large because of poor bonding. Moreover, a lower surface roughness of copper foil will also deteriorate the adhesion of the active substance to the copper current collectors [20,21,22]. In a long process of charge–discharge cycles, the active substance of the negative electrode may detach from the Cu current collector. Once the active substance falls off the copper foil, the copper foil is exposed to the fluorine-containing electrolyte. The copper foil will be corroded by HF, which is a decomposition product of the electrolyte, leading to defects in the copper foil. Defects in copper foil caused by corrosion will further aggravate the bonding strength of the active substance and lead to higher interfacial impedance in the battery [23,24,25,26,27,28,29]. Therefore, essential modifications of copper foil should be undertaken to enhance its bonding strength with active substances and resistance to corrosion.



Mechanical treatments, such as increasing surface roughness [30,31] and ultrasonic surface rolling processing (USRP) [32], have been demonstrated to enhance the corrosion resistance of copper foil and its bonding strength with active substances. However, these mechanical processes are cumbersome and energy-intensive. Another prevalent method of copper foil modification is to prepare a protective layer on the surface of the copper foil, such as graphene coating [33] or organic carbon film [34]. Nevertheless, these kinds of coatings require a high preparation process and are difficult to practically apply. Phytic acid (PA), as an organic acid with excellent corrosion resistance and a strong chelating ability with various metals, is able to form insoluble precipitates with metal ions on the metal surface and is widely used for metal corrosion protection [35,36,37,38,39]. Compared with materials such as graphene coatings and organic carbon films, the preparation process of PA film is simple and fast. The chelating potential between PA and metal cations makes PA films have good corrosion resistance and good bonding strength with active substances. However, there are few studies on the protection of LIB current collectors with PA treatments.



General surface modification with PA is accomplished by soaking samples in PA solutions, which is time-consuming (more than ten minutes) and not compatible with the industrialization flow of electrolytic copper foils. Herein, we improve the overall performance of copper foils and LIBs by preparing PA film on the surface of copper foils through a rapid electrodeposition method. After a simple electrodeposition process, a PA film with a thickness of approximately 5 nm is prepared on the surface of copper foil. The presence of PA film on copper improves the bonding strength between the copper foil and the active substance, reduces the interfacial impedance between the graphite and the copper foil, and enhances the corrosion resistance of the copper foil in the electrolyte. The electrochemical performance of LIBs using PA-treated copper foil was significantly improved.




2. Materials and Methods


2.1. Preparation of PA-Treated Cu Foil


A facile two-electrode electrodeposition was adopted to fabricate PA-treated copper (PA-Cu) foils. A commercial electrolytic copper foil with a thickness of about 20 μm was used in this study for PA treatment. A copper plate was the anode, and the copper foil was the cathode, as shown in Figure 1. Sodium silicate, polyethylene glycol, and phytic acid were used together to form the plating solution. NaOH was used to adjust the pH of the plating solution. PA molecules ionize in solution, producing PA anions and H+. When current was applied, the anode copper plate was oxidized into Cu2+. Cu2+ in the solution chelated with PA anions, forming insoluble precipitates that adhered to the surface of the copper foil, resulting in the formation of a PA conversion film. H+ was reduced to H2. After electrodeposition, the copper foil was cured in a vacuum oven at 60 °C for 30 min. This PA treatment of Cu foil takes only a few seconds, which is much faster than the traditional immersion method. The performance of the PA film can be regulated by changing the plating time, concentration, and pH of the plating solution [39,40].



In this study, the deposition current density of PA was stabilized to be 1 A dm−2. The other parameters of PA treatment through electrodeposition, as shown in Tables S1 and S2, were optimized based on a comparison of corrosion resistance and interfacial impedance for various PA-Cu foils, as shown in Figure S1 and Table S3. Through an analysis of the corrosion potential (Ecorr) and corrosion current density (icorr) of PA-Cu foils under different parameters, combined with variations in charge transfer resistance (Rct) reflected in electrochemical impedance spectroscopy (EIS) curves, the PA treatment parameters were optimized to be a solution composition of Group 2 with a deposition time of 10 s at 25 °C and pH 7. The Ecorr and icorr of the optimal PA-Cu foil were calculated and are presented in Figure S2 and Table S4. The icorr and the interfacial impedance of the Cu foil exhibited a significant decrease after PA treatment, indicating a substantial enhancement of the corrosion resistance.




2.2. Preparation of Electrodes and Assembly of Batteries


In total, 80% artificial graphite powder, 10% conductive carbon black (super P), and 10% PVDF were mixed in proportion, and then, an appropriate amount of N-methylpyrrolidone (NMP) was added to this mixture via stirring to obtain a uniform slurry. The slurry was evenly applied to the surface of the pristine copper foil and the PA-treated copper foil with a squeegee. Afterward, the coated electrode sheets were dried in a vacuum oven at 60 °C for 12 h. The electrode sheets were cut into round shapes and assembled into half-type LIBs using lithium metal as a counter electrode, where the electrolyte (1 M of LiPF6 in a mixed solvent of ethylene carbonate/diethylene carbonate [EC/DEC], 1:1) content was 50 μL, and the separator was a Celgard 2325 separator. The specific discharge capacity of the batteries was calculated based on the mass of the graphite. The entire process is shown in Figure 1.




2.3. Characterization and Electrochemical Tests


The surface morphology and cross-section of the electrode sheet and the copper foil were obtained by scanning electron microscopy (SU8010, HITACHI, Tokyo, Japan). Thickness of PA film on copper foil was obtained by transmission electron microscopy (JEM-2100F, JEOL, Akishima, Japan). The characteristic peaks of the PA films were obtained via FTIR spectra (Thermo Scientific Nicolet iS20 Fourier transform infrared spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA). The surface composition of electrode sheets and copper foils was measured based on XPS spectra (Thermo Scientific K-Alpha X-ray photoelectron spectrometer, Thermo Fisher Scientific, MA, USA). The bonding strength between the copper foil and the active substance was tested on a peel strength tester. The wettability of the electrolyte on the copper foil was evaluated by adding 1 μL of electrolyte to the surface of the copper foil for 10 s.



Cyclic voltammetry (CV), electrochemical impedance spectra (EIS), and Tafel curves were obtained by an electrochemical workstation (CHI660E, Shanghai Chen Hua Instrument Co., Ltd., Shanghai, China). The CV curves were obtained at a scan rate of 0.1 mV s−1 for a voltage range of 0.01–3 V. The EIS curves were obtained with open-circuit voltage using a frequency range of 0.01 Hz to 100 kHz and an amplitude of 5 mV. The polarization curves were obtained at a scan rate of 10 mV s−1 for a voltage range of −0.6 V to 0 V. The reference electrode was an AgCl electrode, the counter electrode was a Pt electrode, and the working electrodes were pristine copper foil and PA-Cu foil. In total, 1 M of LiPF6 in EC/DEC (1:1) solvent was used as the electrochemical corrosion electrolyte, constituting a three-electrode system electrolytic cell. The half-cell was cycled between 0 and 3 V at a current density of 0.1 A g−1 for the low-current charge–discharge test, cycled between 0 and 3 V at a current density of 0.1 A g−1 for a high-current charge–discharge test after 20 cycles of 0 and 3 V, and then cycled between 0 and 3 V at a current density of 1 A g−1. The capacity was calculated based on the mass of the graphite. The constant current charge–discharge test was performed with a battery tester.





3. Results and Discussion


Figure 2a,b show the surface morphology of the copper foil before and after the PA treatment, respectively. It can be seen that there was no significant change in the surface morphology of copper foil after the PA treatment. In order to verify the successful preparation of the PA film on the copper foil, FTIR analysis and TEM observation were performed [41,42]. Figure 2c shows the FTIR spectra of the PA solution, the PA-Cu foil, and the pristine Cu foil. The characteristic peaks in the FTIR spectra at 1640 cm−1, 1067 cm−1, and 958 cm−1 were attributed to the hydrogen phosphate group and the phosphate group [40], which can be observed for the PA solution and the PA-Cu foil. This indicated that PA films were successfully prepared on the copper foil. A TEM observation of the PA-Cu sample revealed the thickness of the PA film was only about 5 nm and tightly adhered to the copper substrate, as shown in Figure 2d. Subsequently, the elemental distribution on the PA-Cu surface was analyzed based on EDS energy spectra, as shown in Figure S3. It can be seen that, in addition to Cu, the distribution of C, N, and P is also uniform. This indicates that the prepared PA film was uniformly deposited on the surface of copper foil.



Figure S4a,b show traces of 1 μL of electrolyte spreading on the PA-Cu foil (Figure S4a) and the pristine Cu foil (Figure S4b). It can be seen that the 1 μL of the electrolyte can spread to a circle with a diameter of about 10.7 mm on the pristine Cu foil after 10 s. However, the electrolyte can only spread in a circle with a diameter of about 5.2 mm on the PA-Cu foil, which means that the electrolyte has poor wettability for PA-Cu foil.



A peel strength test was used to evaluate the bonding strength between the copper foil and the active substance, as shown in Figure S5. The bonding strength of graphite particles with pristine Cu foil is 0.355 N cm−1, and with PA-Cu foil, it is 0.441 N cm−1. It is evident that the bonding strength between the PA-Cu foil and the active substance significantly increased, which may be attributable to interactions between certain active groups in the PA molecules (such as hydroxyl groups) and organic matter in the active substance. The PA film may serve as a coupling agent that enhances the bonding strength of the active substance with the copper foil.



The corrosion resistance of both the pristine Cu foil and the PA-Cu foil was evaluated under static conditions. Figure 2e,f show the surface morphology of the pristine Cu foil (Figure 2e) and the PA-Cu foil (Figure 2f) after soaking in the electrolyte (1 M of LiPF6 dissolved in solvents of EC/DEC) for 15 days. The surface of the pristine Cu foil was covered by numerous spherical particles with a diameter of about 0.25–0.9 μm, which should be the corrosion products of the Cu foil in the electrolyte. In contrast, the surface of the PA-Cu foil after immersion in the electrolyte was relatively smooth and covered by smaller particles with a size of about 0.1 μm, which indicates that the PA-Cu film is more stable in the electrolyte than the pristine Cu foil.



The PA-Cu foil and the pristine Cu foil after immersion in the electrolyte for 15 days were investigated by XPS analysis, which is shown in Figure 3a–c. As shown in Figure 3a,b, phosphate and LiF can be observed on the surfaces of both copper foils after immersion in the electrolyte for 15 days. The presence of phosphate and LiF (684.99 eV) indicates that the decomposition of the electrolyte has occurred [43]. In addition, the peak of CuF2 (685.93 eV) was observed on the surface of the pristine copper foil, which indicates that the pristine Cu foil surface was corroded. Besides CuF2, Cu(OH)2 was also the corrosion product of the copper foil in the electrolyte. Figure 3c shows the Cu 2p XPS spectra; it can be seen that two peaks of Cu(OH)2 were on the surfaces of both copper foils in addition to Cu 2p1/2 (952.59 eV) and Cu 2p3/2 (932.84 eV) [34]. The comparison of the peak intensities of Cu and Cu(OH)2 indicates that the pristine Cu foil was corroded more severely. Therefore, the presence of PA film can prevent copper foil from corrosion caused by LiPF6 to a certain extent. For comparison, the pristine Cu foil was also measured by XPS, and the corresponding result is shown in Figure 3d–f. As shown in Figure 3d–f, CuO (954.35 eV and 934.60 eV), Cu 2p1/2 (952.74 eV), and Cu 2p3/2 (933.00 eV) could be found in the pristine Cu foil, without significant peaks of phosphate, CuF2 and LiF.



The electrochemical behaviors of the cells assembled by the pristine Cu foil and the PA-Cu foil were studied. Figure S6a shows the CV curves of the electrodes of graphite in the PA-Cu foil (graphite/PA-Cu electrode) and pristine copper foil (graphite/Cu electrode). It can be observed that the presence of PA film has no effect on the redox peak of the graphite. Figure S6b shows the initial charge–discharge curves of the graphite electrodes on the PA-Cu and the pristine Cu at 0.01–3.0 V and 0.1 A g−1, from which it can be seen that the cells exhibited nearly the same behavior no matter what current collector was adopted. This indicates that the presence of the PA film does not affect the redox properties or electrochemical behavior of the graphite electrode. As for the cycling performance, the electrode of the graphite on different Cu foils exhibited different results.



The cycling performance of the graphite/Cu and the graphite/PA-Cu electrodes was investigated at 0.1 A g−1 and 0.1–3.0 V (Figure 4a). The initial discharge capacities of the graphite/Cu and graphite/PA-Cu electrodes were 414.4 and 430.4 mAh g−1, respectively. The discharge capacities of the graphite/Cu and graphite/PA-Cu electrodes at the 150th cycle were 327.7 and 319.3 mAh g−1, respectively. After 150 cycles, the capacity of the graphite/Cu electrode began to decline, while the graphite/PA-Cu electrode still maintained a stable capacity. At the 400th cycle, the capacity retention rate of the graphite/Cu electrode was only 57.5% compared with the 2nd cycle. In contrast, the graphite/PA-Cu electrode maintained a capacity retention rate of 85.6% at the 400th cycle compared with the 2nd cycle. Clearly, the presence of PA film improved cycle reversibility in graphite/PA-Cu electrodes.



Figure 4b shows the EIS curves of the graphite/PA-Cu electrode and the graphite/Cu electrode cycled after 200 cycles at 0.1 A g−1. The ohmic resistance (Rb) of the graphite/PA-Cu electrode decreased in the ultra-high-frequency range, and the Rct decreased in the high-frequency range. The results indicate that the presence of the PA film enhanced the bonding strength between the copper foil and the active substance, consequently reducing the interfacial impedance and charge transfer resistance between the copper foil and the active substance. The rate performance of the graphite/Cu and graphite/PA-Cu electrodes was then investigated (Figure 4c). It can be seen that the capacity of the graphite/Cu electrode decayed rapidly with increasing current density, with only about 80 mAh g−1 at 2 A g−1, making it difficult to charge and discharge effectively. In contrast, the capacity of the graphite/PA-Cu electrode decayed slowly with increasing current density. It still has a capacity of about 115 mAh g−1 at a current density of 2 A g−1, with a significant improvement in rate performance.



In order to determine the comprehensive performance of the cycling process under high current densities, the graphite/Cu and graphite/PA-Cu electrodes were cycled at a current density of 0.1 A g−1 for 20 cycles and then cycled at a current density of 1 A g−1 (Figure 4d). Initially, both electrodes had a rapid decay in capacity. After 100 cycles, the discharge capacities of the graphite/Cu and graphite/PA-Cu electrodes were 245.9 and 270.7 mAh g−1, respectively. The discharge capacity of the graphite/Cu electrode exhibited rapid decay after 200 cycles, with a mere 131.4 mAh g−1 discharge capacity and a capacity retention rate of only 53.4% at the 500th cycle compared with the 100th cycle. In contrast, the graphite/PA-Cu electrode had superior performance, with a discharge capacity of 232.6 mAh g−1 at the 500th cycle and an impressive capacity retention rate of 85.9% compared with the 100th cycle. The graphite/PA-Cu electrode exhibited reduced Rb and Rct during cycling. Therefore, the graphite/PA-Cu electrode has higher discharge capacity and cycle stability than the graphite/Cu electrode at 1 A g−1.



It can be observed that the performance of the graphite/Cu electrode decayed in about 200 cycles. In order to explore the reason for this cell performance decay, SEM and XPS analyses were used on the graphite/Cu and graphite/PA-Cu electrodes after 200 cycles at 0.1 A g−1 (Figure 5). Figure 5a,d show the cross-section morphology of the electrodes. Figure 5b,e show the surfaces of the electrodes, and Figure 5c,f show the copper foil surface after the ultrasonic removal of the active substance. It can be seen that the graphite and pristine Cu foil are not tightly bonded (Figure 5a) and are accompanied by cracks on the active substance (Figure 5b) and numerous spherical particles on the copper foil due to corrosion (Figure 5c). In contrast, the bonding strength of the graphite/PA-Cu electrode was still excellent after 200 cycles, with no significant cracks on the graphite and no significant spherical particles on the copper foil (Figure 5d–f).



Further XPS analysis (Figure 5g–i) was performed on the surfaces of both copper foils. LiF, C, and F corrosion products, as well as some phosphates, can be observed on the surface of the copper foils (Figure 5g,h). This indicates that there are decomposition products of the electrolyte on the surface of the copper foils, and numerous graphite particles are corroded by the electrolyte. Figure 5i reveals Cu(OH)2 (954.05 and 934.30 eV) on the surface of the pristine Cu foil, in addition to Cu 2p1/2 (952.56) and Cu 2p3/2 (932.81) [34]. However, only two peaks of Cu 2p1/2 (952.58 eV) and Cu 2p3/2 (932.83 eV) were observed on the surface of the PA-Cu foil. It is apparent that the PA film provides a protective effect to the copper foil during the low-current cycling of LIBs, resulting in reduced corrosion products and the maintenance of strong bonding between the copper foil and the active substance.



Similarly, the morphology of the graphite/Cu and graphite/PA-Cu electrodes after 200 cycles at 1 A g−1 was studied (Figure S7). Figure S7a,d show cross-sections of the electrodes, Figure S7b,e show the surfaces of the electrodes, and Figure S7c,f show the surface morphology of the copper foil after the ultrasonic removal of the active substance. It can be observed that the graphite on the pristine Cu foil extensively cracked and peeled off (Figure S7a,b). Some corrosion pits can be found on the surface of the pristine Cu foil (Figure S7c). In contrast, the PA-Cu foil was still well bonded to the graphite without visible cracks or corrosion pits on the copper foil surface (Figure S7d–f). Combined with the cycling curve at 1 A g−1, it is evident that the capacity degradation of the graphite/Cu electrode can be attributed to the active substance shedding from its surface and the severe surface corrosion of the current collector. PA film can guarantee the good bonding of the active substance to the current collector and prevent the current collector from being corroded by the electrolyte, which leads to better cell performance compared with a pristine Cu current collector.




4. Conclusions


A 5 nm thick PA film was successfully electrodeposited on the surface of electrolytic copper foil as a current collector for LIBs. The PA film rendered the electrolyte difficult to spread on the copper foil and inhibited current collector corrosion caused by the electrolyte. Moreover, the PA film could increase the bonding strength of the active substance to the copper foil, which reduces interfacial impedance during charge–discharge cycles. Cells with PA-Cu foils as current collectors exhibited enhanced cycling stability, improved capacity retention, and superior rate performance at both low and high current densities. After PA treatment, the capacity retention rate of the cell increased from 57.5% to 85.6% at the 400th cycle compared with the 2nd cycle at 0.1 A g−1. In addition, the capacity retention rate of the 500th cycle increased from 53.4% to 85.9% compared with the 100th cycle at 1 A g−1. The present study demonstrated that the surface modification of copper foil with PA films is an effective approach to enhancing the overall electrochemical performance of LIBs.
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Figure 1. Flow chart of the PA treatment of Cu foil and the preparation of the anode for assembling LIBs. 
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Figure 2. Surface morphology of the (a) pristine Cu foil and the (b) PA-Cu foil. (c) FTIR spectra of the PA solution, PA-Cu foil, and pristine Cu foil; (d) TEM image of PA-Cu. Surface morphology of the (e) pristine Cu foil and (f) PA-Cu foil after immersion in the electrolyte for 15 days. 
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Figure 3. XPS spectra of pristine Cu foil and PA-Cu foil, (a) P 2p; (b) F 1s; (c) Cu 2p, immersed in electrolyte for 15 days. XPS spectra of pristine Cu foil: (d) P 2p; (e) F 1s; (f) Cu 2p. 
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Figure 4. (a) Cycling properties of the graphite/Cu and graphite/PA-Cu electrodes at 0.1 A g−1 between 0.01 and 3 V; (b) EIS curves of the two cells after 200 cycles at 0.1 A g−1 between 0.01 and 3 V; (c) rate performance of the two cells at 0.1 A g−1, 0.2 A g−1, 0.5 A g−1, 1.0 A g−1, 2.0 A g−1; (d) cycling properties of the two cells at 1 A g−1 after 20 cycles at 0.1 A g−1 between 0.01 and 3 V. 
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Figure 5. SEM image of (a) the cross-section of the graphite/Cu electrode, (b) the surface of the graphite/Cu electrode, and (c) the pristine Cu foil without the active substance after 200 cycles at 0.1 A g−1; SEM image of (d) the cross-section of the graphite/PA-Cu electrode, (e) the surface of the graphite/PA-Cu electrode, and (f) the PA-Cu foil without the active substance after 200 cycles at 0.1 A g−1; (g–i) XPS spectra of pristine copper foil and PA-Cu foil after 200 cycles at 0.1 A g−1. 
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