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Abstract:



The combination of zinc oxide (ZnO) nanoparticles (NP) and graphite provides a promising approach for applications in the field of anode materials for lithium ion batteries. Here, we report a facile and environmentally friendly method yielding uniformly dispersed ZnO particles with a controllable particle size between 5 and 80 nm, supported by exfoliated graphite (EG) sheets. A thermal post-treatment (420 to 800 °C, N2) of ZnO@EG composite results in high yield with the opportunity for industrial scale-up. The post-treatment leads to growing ZnO particles on the EG sheets, while oxygen is disincorporated from ZnO by the associated carbothermal reduction of ZnO@EG composites above 600 °C and the conductivity is increased. ZnO@EG composite anodes, reduced at 600 °C, show improved Li storage capacity (+25%) and good cycle stability, compared to the EG anode. This can be attributed to the increased conductivity, despite the particle size increased up to 80 nm. Furthermore, we suggest that the mechanism for the reaction of Li+ ions with ZnO@EG-composites including ZnO-particles with an average particle size below 20 nm differs from the classical Li+ ions insertion/de-insertion or alloying process.
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1. Introduction


Lithium ion batteries (LIB) are important energy storage devices—not only for portable electronic and hybrid/pure electric vehicles but also for stationary storage systems [1,2]. So far, LIBs are the most developed and satisfying energy storage technology due to excellent benefits in terms of high energy density, high voltage, light weight and long cycle life [3,4,5]. Unfortunately, the initial commercial LIB anode composed of a graphite anode exhibits a low theoretical capacity of only 372 mAhg−1 leading to a limited output energy density [6].



Accordingly, many research groups extensively investigated a variety of metal oxides as anode materials due to their high energy densities and higher theoretical capacities (>600 mAhg−1) [7] (Fe3O4 [8], Co3O4 [9,10], MoO2 [11], SnO2 [12,13], NiO [14] and CuO [15],) compared to traditional graphite anodes.



In addition to the above mentioned metal oxides, ZnO is characterized by a high theoretical capacity of 978 mAhg−1 [7], environmental friendliness and low costs [16]. Despite these advantages, ZnO is, like many other metal oxides, poorly electrically conducting at application temperature (1[image: ]10−2 S/m) [7] and it shows a large volume expansion (228%) caused by a conversion reaction during the lithiation [7], which is much larger than for the lithium intercalation into graphite material (~10%) [17]. The conversion reaction leads to capacity losses due to the structural changes during the lithiation/de-lithiation process including material pulverization and loss of interconnectivity between particles and even active material peeling off from the electrode [16]. The two-step lithiation mechanism of ZnO contains the reduction of ZnO to Zn accompanied by the formation of a Li2O matrix (Equation (1)) and the subsequent formation of a LiZn alloy (Equation (2)) [7].
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An alloying reaction of Zn with Li is a multi-step process including following steps (Equation (3)) [18,19]:
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(3)







An effective method to buffer the volume changes of metal oxides during the lithiation is the introduction of carbonaceous sheets assembled between the NPs [20,21]. Graphene, for instance, fulfills the necessary requirements for composite formation such as large specific surface area (2630 m2/g) [22], very high electrical in-plane conductivity [23] and excellent mechanical properties [24]. Furthermore, the use of nano-sized particles (abbreviated with NP in the following) minimizes not only the large mechanical stress resulting from the volume expansion/shrinkage, but also provides short diffusion paths for Li+ ions [7]. Hence, a synergy of both materials improves the stability and capacity of the resulting composite material compared to the properties of the individual materials [25].



A common method to produce composites comprised of ZnO and graphene is Hummer´s synthesis route [4,26,27] inducing the application of strong oxidation agents [28,29,30]. The formation of graphene oxide (GO) with functional groups, such as hydroxy, ketone, carboxyl and epoxy groups, induces an increase of the initial lattice space between the single graphene layers from 0.34 nm to 0.74 nm. The next step involves the addition of zinc salt to the GO followed by a reduction. The reduction step includes either the addition of chemical agents like sodium borohydride [28], hydrazine [29], hydrochinone [28], or a thermal reduction. However, the still present unreduced functional groups on the graphene surface are reactive and tend to oxidize the electrolyte at high current densities (500 mAg−1) indicating electrochemical instability in the electrode [7]. Another issue, although only rarely discussed, is the negative effect of inhomogeneously coated particles on the carbonaceous sheets and a broad particle size distribution [31,32]. The application of homogeneously coated ZnO NPs with narrow size distribution on graphene offers more electrochemical active sites, larger electrode/electrolyte interface and shorter diffusion length for Li+ ions insertion resulting in enhanced electrochemical behavior (556 mAhg−1) [21,24], compared to aggregates or inhomogeneously coated ZnO NPs (<300 mAhg−1) [26]. However, high costs, low yield and application of hazard chemicals make the production process not suitable for industrial production scale at the moment.



Previously, we reported a synthesis route to prepare a stable monolayer of highly dispersed ZnO NPs with an average size of 5 nm on an exfoliated graphite (EG) surface [33,34], which is in the following abbreviated as ZnO@EG.



In this work, we introduce a thermal post-treatment of the initial ZnO@EG composites in inert atmosphere easily control the ZnO particle size on the EG sheets, allowing to investigate the effect of ZnO particle size on the electrochemical performance of the composites. The thermal post-treatment also induces a carbothermal reduction of the ZnO@EG composites associated by an improved conductivity due to the oxygen reduction in the ZnO particles accompanied by an enhanced electrochemical performance. To the best of our knowledge, industrially scalable processes yielding uniformly dispersed ZnO particles with a controllable particle size between 5 nm and 80 nm on EG sheets as anode materials for application in LIBs have not been reported.



Depending on the size of adsorbed ZnO particles, a different electrochemical behavior of ZnO@EG composites was obtained. In this study, we provide a model for the lithiation process (Li+ insertion into the ZnO@EG composites) and de-lithiation process (Li+ extraction) depending on the ZnO particle size.




2. Materials and Methods


2.1. Materials


In the present work, graphite (ECOPHIT® G GFG 350) was obtained from SGL Carbon (Wiesbaden, Germany). This graphite exhibits a high carbon content (purity ≥ 95%) and a d50 value between 315 µm and 385 µm. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, purity ≥ 99%) and lithium hydroxide monohydrate (LiOH·H2O, purity ≥ 99%) were purchased from Sigma Aldrich (Taufkirchen, Germany) The ZnO@EG composites were prepared with isopropanol of technical grade (water content 0.03%). All chemicals were used as received.




2.2. ZnO@EG Composite Formation and Thermal Treatment


The ZnO@EG composites were synthesized according to our previously reported method [33] and used as-prepared for further characterization. Then, the ZnO@EG composites were thermally post-treated in a horizontal furnace (Nabertherm B 150, Nabertherm GmbH, Lilienthal, Germany) under heating to different temperatures (420 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C, 720 °C, 750 °C, and 800 °C) in N2 atmosphere for 1 h. The ZnO@EG composites are abbreviated by ZnO@EG-420 °C to ZnO@EG-800 °C in the following, in accordance with their thermal treatment temperature.




2.3. Characterization


A scanning electron microscope (SEM; Supra 35, Zeiss, Oberkochen, Germany) and a transmission electron microscope (TEM; EM 912 Omega, Zeiss) were used to determine morphology and size distribution of the ZnO@EG composite materials. SEM images were taken at operating voltages of 1 kV and 1.5 kV, respectively. For the cross section images, the ZnO@EG composites were dispersed in a mixture of EpoFix Resin and EpoFix Hardener (25:3) both from Struers, Germany. The mixture was applied on a foil and dried for 24 h at room temperature. The hardened sample was separated mechanically from the foil resulting in a thin slice. The thin slice was again embedded into an epoxy resin and hardened followed by cross-section preparation using the automatic Grinder/Polisher. For TEM images, the samples were dispersed in isopropanol using an ultrasonic bath and deposited on lacey 200 mesh copper grids. The samples were investigated at an acceleration voltage of 200 kV. For each sample, the diameters of more than 100 ZnO particles were measured and averaged. ZnO@EG composites were characterized by an X-ray diffractometer (XRD, Philips, X’Pert MPD PW 3040, EA Almelo, The Netherlands) using a Cu-Kα source. Powder diffraction patterns were recorded at ambient temperature between 2θ = 10° and 2θ = 90°with a step size of 0.02°. The spectra were analyzed using X’Pert HighScore Plus 4.1 software (Version 4.1, Malvern Panalytical Ltd, Malvern, UK). The element composition of the ZnO@EG composites were determined using ICP-OES (Ciros SOP, SPECTRO, Kleve, Germany) with HCl: H2O2 (1:1) mixtures. Simultaneous thermal analysis—mass spectrometry (STA-MS, STA 449 F3 Jupiter, Netzsch, Selb, Germany) was used to determine the ZnO content of the composites and the decomposition products. The samples were analyzed in air between 30 °C and 800 °C at a heating rate of 10 K/min. The signal intensity of the gaseous products during heating in argon was investigated in situ by MS. By energy dispersive X-ray spectroscopy (EDX, X-MaxN 150, Oxford Instruments, Abingdon-on-Thames, UK), the chemical composition of the ZnO@EG composites was investigated at a working distance of (6.0–8.5) mm and an operating voltage of 3 kV.




2.4. Electrochemical Characterization


The electrodes were prepared by mixing ZnO@EG composite material, polyacrylic acid (PAA, Sigma Aldrich, Taufkirchen, Germany), and carbon black (DENKA—Denki Kagaku Kogyo KK, Tokyo, Japan) in a weight ratio of 60:30:10 in methyl-2-pyrrolidinone (NMP, Merck, Darmstadt, Germany). The mixed slurry was uniformly coated with a doctor blade (Zehntner Testing Instruments, ZUA 2000, Sissach, Switzerland) on a copper foil (Schlenk AG, Roth, Germany, purity ≥ 99.98%). The prepared anode sheets were dried at 100 °C in a vacuum oven for 1 h. The layer thickness of the electrodes was about 110 µm. All half-cells were assembled in an Ar-filled glove box using lithium foil (Chempur, purity ≥ 99.8%) as counter electrode and Whatman®GF/C as separator. A 1 M solution of LiPF6 in a mixture of ethylene carbonate and diethyl carbonate at a volume ratio of 1:1 (SelectityleTM LP 30, BASF, Ludwigshafen, Germany) served as an electrolyte. Galvanostatic discharge/charge cycles were conducted at a voltage range between 0.05 V and 2.0 V with a constant current of 0.05 C using a BaSiTec CTS LAB testing station. The C-rate (0.05 C) corresponds to a current density of 21.8 mA/g according to the theoretical capacity of the ZnO@EG composites (435.6 mAh/g). The theoretical capacity of the Zno@EG composites was calculated as follows [35,36]:
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By an impedance analyzer (Gamry Instruments, Reference 3000, Haar, Germany), electrochemical impedance spectroscopy (EIS) data were obtained in the frequency range from 1 Hz to 1 MHz prior to the other electrochemical measurements.



All electrochemical measurements were conducted at ambient temperature and pressure.





3. Results and Discussion


3.1. Structure and Morphology of the ZnO@EG Composites


Structure and morphology of the initial and the thermally treated ZnO@EG composites were investigated by SEM and TEM. Figure 1a,d depicts representative top view images of initial ZnO@EG composites. The spherical ZnO NPs with an average particle size of (4.7 ± 0.7) nm are homogeneously distributed on both sides of the EG sheets without observable aggregation. The corresponding histogram, which was obtained from at least 100 ZnO NPs on EG sheets, shows a very narrow size distribution. It should be noted that the ZnO particles are strongly attached to EG sheets—even by ultrasonic treatment they could not be removed [33], indicating a strong interaction between ZnO particles and EG.


Figure 1. SEM and TEM images of (a,d) initial ZnO@EG composites and after thermal treatment at (b,e) 600 °C and (c,f) at 700 °C with corresponding histograms showing the size distributions (insets, obtained from at least 100 ZnO NPs. The colors of the frames correspond to the temperature of the thermal composite treatment.
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Figure 1b,c,e,f shows SEM and TEM images of ZnO@EG-600 °C and ZnO@EG-700 °C composites with corresponding particle size distributions. The observed particle sizes of the adsorbed ZnO NPs increase in both cases from ca. 5 nm (untreated) to approximately 42 nm at 600 °C and to over 77 nm at 700 °C, indicating further growth of the NP during the thermal post-treatment on the EG sheets.



The XRD patterns of initial ZnO@EG composites (abbreviated with RT) and thermally treated ZnO@EG composites at different temperatures are shown in Figure 2a,b. The diffraction reflexes of EG in the XRD pattern are indexed with black triangles. EG exhibits four intensive diffraction reflexes at 2θ = 26.4°, 42.3°, 44.5°, and 50.6° corresponding to the (002), (100), (101), and (004) reflections of graphite (ICDD, PDF No. 00-056-0159). The characteristic graphitic reflex clearly appears at 2θ = 26.4° [37].


Figure 2. (a) XRD spectra before (RT) and after the thermal treatment of ZnO@EG composites at 550 °C, 600 °C 700 °C, and 800 °C with corresponding (b) magnification. (c) Particle growth during thermal post-treatment with corresponding ZnO content determined by ICP-OES and (d) TGA, EDX, and XRD.
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The ZnO@EG composites do not display the diffraction reflexes of graphite only, but also further diffraction reflexes located at 2θ = 31.7°, 34.3°, 36.1°, 47.4°, 56.5°, and 62.7°, attributed to (100), (002), (101), (102), (110), and (103) reflections of Wurtzite hexagonal structured ZnO (ICDD, PDF No. 04-008-8198), respectively. They are represented by the open circles in Figure 2a. The broadening of the ZnO diffraction reflexes in the pattern of the initial ZnO@EG composites indicates the low crystallinity of the nano-sized ZnO particles due to the absence of any long-range order [38]. After thermal treatment, the three main ZnO reflexes (100), (101), and (002) sharpen with increasing temperature, confirming that the average ZnO crystallite size and the crystallinity are significantly increased (Figure 2b). Nevertheless, the XRD pattern of ZnO@EG-800 °C composites shows the absence of the pronounced ZnO reflexes. Furthermore, the XRD patterns reveal no additional phases, confirming the high purity of ZnO@EG composites, and no changes of the basic structure, even after the thermal post-treatment processes.



In order to estimate the amount of ZnO in the composite after thermal treatments at different temperatures, inductively coupled plasma optical emission spectrometry (ICP-OES) was carried out. Figure 2c reveals a constant ZnO amount on the EG sheets up to 700 °C, followed by an abrupt decrease of the ZnO content at ≥720 °C, accompanied by an increase of the ZnO particle sizes. In order to confirm the ZnO content of the composites during the thermal post-treatment, TGA, EDX and XRD were applied (Figure 2d). All methods show a similar ZnO content. For all samples, EDX measurements show slightly higher values due to the local limitations of this method. However, ZnO particles cannot be detected on the EG sheets after a thermal treatment at 800 °C. The corresponding SEM images (Figure 3) support these findings and provide a deeper insight into the ZnO@EG composites after thermal post-treatment at different temperatures, i.e., 600 °C (Figure 3a), 700 °C (Figure 3b), and 800 °C (Figure 3c). The thermal treated ZnO@EG composites show, on the one hand, increasing ZnO particles size with increasing temperature and, on the other hand, an exfoliated graphite without ZnO NP coverage after thermal treatment at 800 °C (Figure 3c).


Figure 3. A series of SEM images of thermal treated ZnO@EG composites at (a) 600 °C; (b) 700 °C; and (c) 800 °C.
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We attribute this to a carbothermal reduction of ZnO to Zn according to Equations (4) and (5) [39,40,41].
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(4)
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(5)







The corresponding STA-MS analyses, which were conducted from 30 °C to 800 °C in argon, support these findings and provide a deeper insight into the combustion process of the initial ZnO@EG composites (Figure 4a). N2 as carrier gas would not have been appropriate due to the overlap of the signals of N2 and CO in the MS. The ion signal exhibiting a pronounced intensity at about 420 °C is assigned to CO2 (m/z 44) and indicates the ZnO reduction according to Equation (5) (Figure 4b). The reduction of ZnO to Zn continues up to 700 °C (Figure 4c). The CO signal (m/z 28) appears first at 800 °C. It indicates the combustion of carbon (Figure 4d). Thus, the remaining almost 90 wt% at 800 °C are attributed to graphite, while the loss of ca. 10 wt% demonstrates a good correlation with the initial amount of adsorbed ZnO NPs. However, up to a temperature of 800 °C, a Zn signal at 65 m/z (as it is expected when Zn evaporates) was not detected, presumably due to the condensation of gaseous Zn at cold parts in front of the detector. The m/z 39 signal may be an indication for the hydrocarbon residues resulting from either solvent or defects in the graphite structure. Widespread peaks indicating Ar appear at 40 m/z (Ar+), 20 m/z (Ar2+) and 36 m/z (36Ar isotope). There is also a peak at 38 m/z assigned to the third stable isotope of argon (38Ar isotope) [42,43].


Figure 4. (a) TG of initial ZnO@EG composites with corresponding ion signal intensity. MS spectrograms for thermally treated samples at (b) 420 °C; (c) 700 °C; and (d) 800 °C. The insets schematically illustrate the structural changes of the composite at the corresponding temperature. The dotted lines in (a) correlate with the temperatures in the MS spectrograms.
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The carbothermal reduction during the thermal process should provide a lack of oxygen in the ZnO crystals. In order to prove this assumption, cross sections of thermally treated ZnO@EG composites were investigated by EDX to determine the zinc and oxygen amount in the ZnO crystals. It is obvious from the SEM cross section of ZnO@EG-700 °C composites that a layered structure is formed, consisting of alternating arrangement of ZnO particles and EG sheets (Figure 5a). It is evident that the ZnO particles (white particles) are sandwiched between the EG sheets (black sheets). The “wavy” signal background may stem from the embedding material consisting of EpoFix Resin and EpoFix Hardener (25:3).


Figure 5. (a) SEM cross section of as-prepared ZnO@EG-700 °C composite. (b) Content of elemental zinc and oxygen in ZnO particles after thermal post-treatment at different temperatures.
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The larger particles (treatment temperature ≥ 550 °C) facilitate a quantitative characterization of the ZnO stoichiometry due to the absence of the C signal originating from EG sheets (Figure 5b). The ZnO particles of ZnO@EG-550 °C composites show a higher amount of oxygen compared to the amount of zinc. In contrast, the ZnO@EG-600 °C composites show a lack of oxygen supporting the assumption of carbothermal reduction. The amount of oxygen decreases with increasing temperature caused by ongoing carbothermal reduction.




3.2. Electrochemical Performance


The increase of the Zn-content in the ZnO particles (which can also be written as ZnO1−x expressing the formation of oxygen vacancies in ZnO) is accompanied by the formation a donor level between the valence and conduction band and therefore by an increased density of conduction electrons [44,45,46]. This should lead to an increased electrical conductivity of the electrodes, with positive effects on the electrochemical behavior. However, the increase of the particle size leads to longer diffusion paths for Li+ ions insertion [21,47].



These composites are electrochemically investigated by galvanostatic measurements. Figure 6a compares the cycle performance of EG and ZnO@EG composites before and after the thermal treatments. The capacity of the initial ZnO@EG composites is very low with only 21.7 mAh/g after the 50th cycle, which is below the threshold of initial EG with a value of 274.6 mAh/g. As obvious from Figure 6a, the capacity of ZnO@EG-550 °C composites (218 mAh/g) is much higher compared to the initial ZnO@EG composites, whereas the capacity value of pure EG has still not been achieved. Only if the initial ZnO@EG composites are thermal treated above 600 °C, a higher capacity occurs. The ZnO@EG-600 °C composites show the best cycle performance among the four tested composites. A capacity of 343.5 mAh/g is maintained after the 50th cycle, which is a significant improvement of +25.1% compared to the initial EG substrate.


Figure 6. (a) Cycle performance of EG, initial ZnO@EG composite (RT) and thermally treated composites at 550 °C, 600 °C, and 700 °C at 0.05 C-rate. (b) Electrochemical impedance spectra of EG, initial ZnO@EG composite prepared at room temperature (RT) and thermally treated composite at 600 °C and 700 °C before cycling. (c) Internal resistance as a function of the treatment temperature of ZnO@EG composites. (d) Plot of the Zn stoichiometry in the ZnO particles and (e) the capacity against the average ZnO particle size.
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The enhanced electrochemical performance of thermally treated ZnO@EG composites may be attributed to their increased conductivity. The electrochemical conductivity of the ZnO@EG composite anodes is measured via EIS to confirm the relationship between the increased Zn stoichiometry in the ZnO particles and the enhanced electrochemical performance. Figure 6b shows Nyquist plots (plots in the complex plane) of initial ZnO@EG composites and of composites that were thermally treated at 600 °C and 700 °C. The plot consists of semicircles in the high frequency range that is presumably related to the charge transfer resistance and a straight line in the low frequency range that may reflect the Li+ transport in the electrolyte. The intercept on the Re{Z} axis at high frequencies can be considered as the internal resistance (Ri). Obviously, the diameter of the semicircle for initial ZnO@EG composites is larger than that of the thermally treated ZnO@EG composites, confirming the facilitated electron transport and of thermally treated composites [24]. The internal resistance Ri of initial ZnO@EG composites is (6.3 ± 0.5) [image: ], while the thermally treated composites show a decrease of Ri down to (1.7 ± 0.2) [image: ] with increasing temperature (Figure 6c). The increased electrical conductivity of the electrodes can be attributed to the reduction of the ZnO particles, indicating an important effect on the improved capacity utilization of the composites.



Figure 6d shows the relationship between the Zn stoichiometry in the ZnO particles for different particle sizes. The achieved capacity behaves similarly for different particle sizes (Figure 6e). For better comparison, the capacity is indicated in % due to the slightly different ZnO amounts within the composites (Figure 2d). Therefore, 100% indicate the theoretical capacity of each ZnO@EG composite. It is shown that the increase of the Zn stoichiometry in the ZnO (or the increase of oxygen vacancies in ZnO that lead to increased electronic conduction) particles runs analogously to the course of the capacity, whereas the ZnO particle size does not seem to influence the capacity.



One may ask why the electrochemical performance of samples treated at 600 °C and 700 °C are so similar (Figure 6a). A possible explanation for this behavior could be the similar physical properties of both samples. They exhibit comparable internal resistances (Figure 6c) and an increased loss of oxygen in the ZnO particles was found (Figure 5b). Nevertheless, the larger particles size of 700 °C sample negatively affects the stability of electrochemical performance. The thermal treated composite at 700 °C shows a capacity fading during electrochemical cycling.



It should be noticed that the capacities of the composites are not yet satisfactory due to the initial low capacity and rate performance (Figure S1) of the used substrate. By transferring the presented concept to other types of graphite offering a higher initial capacity, the electrochemical performance can be further improved.



Galvanostatic discharge/charge curves of anode materials provide a deeper insight into the lithiation/de-lithiation process and help to better understand the reason for the poor electrochemical performance of the initial ZnO@EG composites. Figure 7 presents galvanostatic discharge (Li+ ions intercalation) and charge (Li+ ions de-intercalation) curves of EG, initial ZnO@EG and ZnO@EG-600 °C composites measured between 0.05 V and 2 V at 0.05 C-rate for the 1st, the 2nd, the 3rd, and the 30th cycle.


Figure 7. Galvanostatic discharge (Li+ intercalation) and charge (Li+ de-intercalation) voltage profiles obtained from (a) EG and ZnO@EG composites (c) before and (e) after thermal treatment at 600 °C with the corresponding (b,d,f) plots of the differential specific capacity dc/dU vs. cell potential at 0.05 C-rate for 1st, 2nd, 3rd, and 30th cycle. The dotted black line is a guide for the eyes, showing the lithiation/de-lithiation process of EG occurring below 0.25 V.
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Figure 7a shows a typical graphite profile containing long plateaus below 0.25 V indicating Li+ ions intercalation and de-intercalation into the substrate [48]. During the lithiation, Li+ ions intercalate stepwise into the interlayer space of graphite, forming graphite intercalation compounds [49]. The plateaus located at 0.20 V, 0.11 V and 0.08 V indicate the Li+ ion intercalation steps into the graphite [50]. In addition, the short plateau at approximately 0.7 V reveals electrolyte decomposition caused by the irreversible formation of an SEI layer in the first charge process [51]. After the first cycle, the slopes and the curves are similar in shape indicating a good reversibility of the redox processes. The staging behavior becomes clearer in the differential specific capacity plots (dc/dU, Figure 7b), which has been directly derived from the discharge/charge curves by differentiation. It is worth noting that the plateaus in the voltage curves coincide with the peaks in the dc/dU-profiles. The reduction peaks show the Li+ ion intercalation steps into the graphite, whereas the oxidation peaks reveal the de-lithiation of graphite.



Figure 7c shows the galvanostatic discharge/charge curves of the initial ZnO@EG composites. Compared with the EG electrode, it is obvious that the initial ZnO@EG composites exhibit shorter plateaus as well as lower discharge and charge capacities. Additional information regarding the mechanism of the lithiation/de-lithiation process are revealed by the dc/dU-curves (Figure 7d). In the first cathodic scan, there is a broad peak in the range between 0.6 V and 0.8 V. We attribute it to the first electrochemical process of the composite, which contains the SEI layer formation and the reduction of ZnO to Zn (Equation (1)). The potentials of these reactions are very close, thus only one broad peak is detected. The same occurs for Li+ ion intercalation into the graphite and the formation of the LiZn alloy. However, the cathodic peak at 0.05 V is attributed to Li+ ion intercalation into the substrate, whereas the cathodic peak at 0.1 V indicates the formation of the final LiZn alloy stage according to Equation (3). In the first anodic scan, only two peaks at 0.21 V and 0.27 V are detected. They indicate the partial de-lithiation of EG and the de-alloying of ZnLi to the next Li2Zn3 intermediate stage. The absence of peaks at 0.66 V and approximately 1.4 V indicates the incomplete de-alloying process of ZnLi to Zn and the irreversible ZnO reduction to Zn and Li2O matrix. The irreversible reaction of some metal oxides to metal and the inactive Li2O matrix is already well known [52].



In summary, this may lead to the following picture: During electrochemical cycling, Li+ ions react irreversibly with ZnO reducing ZnO to Zn and Li2O matrix, then Li+ ions alloys further with Zn. The electrochemical active species such as Zn and EG are partially involved in the reaction with Li+ ions. The low electrical conductivity of the composite (Figure 6c) involves kinetic inhibition making it impossible for Zn to pass through all alloying stages with Li+. Hence, the reversible cycling occurs only between ZnLi and Li2Zn3 stages.



Peaks indicating the lithiation/de-lithiation process with graphite are either missing or are not as pronounced as in the case of EG. This implies that ZnO NPs adsorption takes place on the EG surface as well as on the EG edges preventing Li+ ion insertion into the graphite layers and resulting in low capacity utilization. This seems to be the reason for the poor electrochemical performance of the initial ZnO@EG composites. Figure 8a shows a schematic illustration for the Li+ ion insertion in the initial ZnO@EG composites according to the above-mentioned findings.


Figure 8. Schematic illustration of the lithiation process on the example of (a) initial ZnO@EG composites and (b) ZnO@EG-600 °C composites.
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Compared with the initial ZnO@EG composite electrode, it is obvious that the ZnO@EG-600 °C composites exhibit longer plateaus, higher discharge and charge capacities (Figure 7e), as well as pronounced cathodic/anodic peaks (Figure 7f). Furthermore, two additional anodic peaks appear at 0.53 V (Li2Zn5) and 0.67 V (Zn) indicating the reversible de-alloying process of ZnLi to Zn. After the 1st cycle, the curves become almost identical in terms of shape and peak position indicating a reversible intercalation of the Li+ ions into the composite.



ZnO@EG-600 °C composites exhibit better electrochemical performance than the initial ZnO@EG composites due to the better electrical conductivity (Figure 6c) caused by the carbothermal reduction during the thermal post-treatment. The reduction changes the stoichiometry leading to an increased number of oxygen vacancies (Figure 5b) and to a higher electrical conductivity (Figure 6b) making it possible for Zn to pass through all alloying stages with Li+ ions (LixZny), whereas the ZnO reduction is still irreversible. It is known from literature that the present Li2O matrix acts as a “glue” to keep the alloying particles together and to reduce the volume change within the particles [52,53]. Hence, in the present work, both Li2O matrix and EG contribute to improved cycle stability.



The thermal treatment introduces growing ZnO NPs on the EG sheets. Consequently, the ZnO particles do not block the paths for Li+ ion intercalation inside the graphite layers. The accessibility of Li+ ions into the EG is confirmed by the sharp and pronounced peaks below 0.25 V. Thus, two electrochemical active species, namely Zn and EG, are completely involved in the reaction with the Li+ ions (Figure 8b) providing an enhanced capacity of over 25% as compared to the pure EG anode.





4. Conclusions


We introduced a simple method to form uniformly dispersed ZnO particles with controllable particle size on EG. Both composite formation and subsequent thermal treatment are characterized by high yield, simplicity, scalability, and the absence of hazardous chemicals. Thermal treatment of initial ZnO@EG composites affected the composite in terms of morphology, crystallinity, and conductivity, while the ZnO content remained unchanged up to 700 °C. Crystallinity and average particle size of ZnO as well as the conductivity of the composites increased with the annealing temperature. The increase of conductivity is achieved by the carbothermal reduction leading to an increased Zn stoichiometry in the ZnO crystals or an increased number of oxygen vacancies, both leading to a higher electrical conductivity.



The electrochemical characterization of the initial ZnO@EG composites reveals a low capacity in spite of the small ZnO particle size of around 5 nm. The reason for the poor electrochemical performance of the composites is the low electrical conductivity of the electrode, preventing the reversible formation of all ZnxLiy alloying stages. Furthermore, ZnO nano-sized particles prevent the Li+ ion intercalation into graphite due to its adsorption behavior on the surface as well as on the edges of EG.



Furthermore, we present a concept for the enhancement of electrochemical performance, which can be applied for similarly structures composites. It has been shown that thermally treated ZnO@EG composites with a certain electrical conductivity exhibit enhanced electrochemical performance in spite of the larger particle size (up to 80 nm) associated by longer diffusion paths for Li+ ions. Consequently, the ZnO@EG-600 °C composite shows both improved capacity and cycling stability compared to the initial ZnO@EG composites and even to EG, respectively. The improvement is also attributed to graphite and the irreversible formation of a Li2O matrix acting as a buffer to alleviate the large volume changes and to prevent the aggregation of ZnO NPs during the lithiation/de-lithiation process.



The results clearly exhibit higher capacity of over 25% of ZnO@EG-600 °C composites compared to the initial substrates indicating a potential application of ZnO@EG-600 °C composite as anode for lithium ion batteries.
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