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Abstract

:

In this work, the properties of silver-modified LiMn2O4 cathode materials are revisited. We study the influence of calcination atmosphere on the properties of the Ag-coated LiMn2O4 (Ag/LMO) and highlight the silver oxidation. The effect of the heat treatment in vacuum is compared with that in air by the characterization of the structure, specific surface area, Li transport properties and electrochemical performance of Ag/LMO composites. Surface analyses (XPS and Raman spectroscopy) show that the nature of the coating (~3 wt.%) differs with the calcination atmosphere: Ag/LMO(v) calcined in vacuum displays Ag nanospheres and minor AgO content on its surface (specific surface area of 4.1 m2 g−1), while Ag/LMO(a) treated in air is mainly covered by the AgO insulating phase (specific surface area of 0.6 m2 g−1). Electrochemical experiments emphasize that ~3 wt.% Ag coating is effective to minimize the drawbacks of the spinel LiMn2O4 (Mn dissolution, cycling instability, etc.). The Ag/LMO(v) electrode shows high capacity retention, good cyclability at C/2 rate and capacity fade of 0.06% per cycle (in 60 cycles).
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1. Introduction


Today, lithium-ion batteries (LIBs) appear to be the dominant electrochemical generators to power many systems such as electronics devices, tools, hybrid and full electric vehicles (EVs), etc. as they are able to rapidly store and release large quantities of electricity. Thus, one of the crucial parameters is the charge–discharge speed expressed in nC-rate (nC is the rate of charge or discharge in 1/n hour). Huge research efforts impel improving LIB technology, especially the performance of positive electrodes (cathodes), which are the limiting electrochemical components in terms of energy density and rate capability [1,2,3]. Due to its low toxicity, easy fabrication, high acceptability of environmental impact and good thermal stability, LiMn2O4 (LMO) is recognized to be one of the best candidates as cathode materials. However, it has poor cycle stability (presence of Mn3+ Jahn–Teller (JT) ions) and insufficient rate capability due its low electrical conductivity that should be improved for use in EVs’ batteries [4,5,6].



Among the various techniques to prepare LMO materials, the solid-state reaction and co-precipitation methods are the most popular synthesis routes. The co-precipitation method is a well-known wet-chemical technique for the growth of regular LMO particles with a narrow size distribution, compositional homogeneity and impurity free [7,8,9,10,11], while some impurities (i.e., Mn3O4 and Mn2O3) are often found in the powders prepared by solid state reaction [12]. Many strategies have been employed to improve the rate capability and cycle stability of LiMn2O4: (i) synthesis of different morphologies of LiMn2O4 nanoparticles as a way to strike a balance between the good rate capability and high tap density to achieve excellent electrochemical performance [13,14,15,16]; (ii) suppression of the JT distortion by Li enrichment [17] or substituting the Mn ions with low-valent metal cations (divalent or trivalent) such as Mg2+, Ni2+, Zn2+, Cr3+, Co3+ and Al3+ [18,19,20,21,22,23,24,25], which decrease the content of Mn3+ (however, due to high amount of ion substitution and increased average valence state of Mn, practical discharge capacity is limited to approximately 100 mAh g−1, which is only around 70% of the theoretical capacity (148 mAh g−1)); (iii) surface coating with an ionic conductor or wide-gap oxide [26,27,28,29]; (iv) combination of nanocrystallinity and formation of an ordered mesoporous framework [30,31]; and (v) uniform dispersion of highly conductive noble metal or carbon nanotube [32,33].



LiMn2O4 is a semiconductor with a mixed ionic (10−4 S cm−1) and electronic (2 × 10−6 S cm−1) conductivities [34,35]; however, the deposition of a highly conductive layer should be beneficial. Silver has been utilized as the surface modifier or as a dopant to enhance the performance of electrode materials for LIBs. Ag has the lowest electrical resistivity of 1.6 × 10−8 Ω cm at room temperature and silver nanoparticles (AgNPs) have unique physical, chemical and electronic properties different from their bulk counterparts [36]. For example, Obrovac et al. [37] showed that the addition of a small amount of Ag can reduce the thickness of solid electrolyte interphase (SEI), which is effective to improve the reversibility of the cells. Despite being a precious metal, AgNPs have been used as additive for many active materials for LIBs, such as LiCoO2 [38], V2O5 [39], LiFePO4 [40], MnO2 [41] and Li4Ti5O12 [42].



Most of the former works on LiMn2O4 cathode materials modified by silver (doping, coating or Ag/LMO composites) were only focused on their electrochemical properties [43,44,45,46,47,48,49]. Commonly, the conducting silver coating can be performed by deposition or reduction from AgNO3 suspensions. Features reported in the literature are as follows. Ag/LMO composites with different amounts of Ag coating (i.e., 3–15 wt.%) have been synthesized. Son et al. [44] reported the surface modification using 3.3 wt.% Ag grains with wide particle size distribution (10–100 nm in diameter). Then, the optimized coating layer provided an initial specific discharge capacity of ~95 mAh g−1 at 2C rate and displayed a capacity retention of 95% over 20 cycles. LMO synthesized by ball milling and coated with 6.3 wt.% Ag displayed a capacity of 115 mAh g−1 at 10C [45]. Jiang et al. [48] prepared Ag/LiMn2O4 with 5 wt.% Ag coating, which consists of homogeneous nanoparticles with the particle sizes of 50–200 nm. Electrochemical studies showed the increase of capacity retention at higher discharge rate after 50 cycles, which is attributed the faster Mn3+/Mn4+ transition during Li+ extraction/insertion than the reaction with HF alleviating the LMO dissolution in the electrolyte. Zhou et al. [47] examined Ag-modified LiMn2O4 composites with different Ag contents (i.e., 0.05–0.3 Ag/LMO mole ratio) prepared by thermal decomposition of AgNO3. The best battery performance was obtained with 5.9 wt.% Ag but the Ag coating was not evaluated. Huang et al. [45] prepared Ag/LMO composite using high silver content (6.3 wt.%) but did not characterize this material. However, the improved electrochemical performance (i.e., discharge capacity of 103 mAh g−1 at 10C rate after 50 cycles) was attributed to the homogeneous dispersion of the nano-sized Ag particles. Wu et al. [46] prepared Ag-modified (8 wt.%) LMO thin films derived from solution deposition, which are composites of LiMn2O4 and Ag particles (agglomerates of 0.1–0.2 µm) non-homogeneously dispersed on the surface. Specific capacity of 42 µAh cm−2 µm−1 was obtained at 100 µA cm−2 current density. Tay et al. [49] reported the synthesis of Ag/LiMn2O4 composite, but, despite their claim, electrochemical tests upon cycling are missing. Table 1 summarizes the characterization techniques used in the literature, which shows the scarcity of investigations and demonstrates the advances in the present work thus far.



From this literature survey, it is obvious that characterizations of Ag/LMO are rather scant without complete analysis of the surface of LMO particles. Moreover, most works show limited electrochemical tests to galvanostatic charge–discharge. In some work, Ag particles are covering only secondary particles (agglomerates) instead of primary ones, which was due to the rapid process of reduction of silver. In addition, the structural description of the coating layer and the influence of the oxidation of AgNPs in contact with air were never reported. This study focused on the impact of the procedure used for the thermal treatment of the Ag/LMO composites. The research strategy is an increase the rate capability and cycling life of LMO cathode, which involve better electrical contact between particles for driving electrons toward the current collector and protective layer against side reactions with electrolyte. Thus, surface modification using the combination of metallic nanoparticles and protective oxide thin film is welcome. We believe that the examination of the nature and the morphology is of great fundamental and technological relevance because the association of metallic silver nanoparticles with a thin silver oxide layer provides both requested effects.



As far as we know, there is no study reporting the influence of silver deposition and treatment on the structural and electrochemical properties of LMO and its performance as a cathode material for lithium-ion battery [50]. Therefore, more investigations on the properties of Ag/LMO composites are needed because silver can form thermodynamically stable oxides such as Ag2O and AgO when exposed to oxygen [51,52]. Ag2O is a p-type semiconductor with a band gap of ~2.3 eV and exhibits a very high electrical resistivity of ~108 Ω cm [53]. AgO is a semiconductor with a poor electrical conductivity. Raju et al. [54] reported a room temperature conductivity of ~10−5 S cm−1 with activation energy of 0.64 eV for AgO thin films (120-nm grain size) deposited by pulsed laser deposition. As there is a big difference in the electrical properties of these oxides, the electrochemical behavior of Ag/LMO composites is expected to be dissimilar.



In this study, Ag/LMO composites with good crystalline structure were prepared by coating of silver on surface of LiMn2O4 nanoparticles using a facile, cost-effective, scalable and convenient method. We used a co-precipitation synthesis process assisted by oxalic acid to obtain homogeneously distributed powders and calcined the Ag-coated samples in two different atmospheres: vacuum and air ambient. We investigated the nature of the Ag coating and its effect on electrochemical properties of the Ag/LMO cathode materials. Characterizations include X-ray diffraction (XRD), Rietveld refinements, Brunauer–Emmett–Teller (BET) specific surface, pore size and distribution, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron microscopy (HRTEM), galvanostatic charge–discharge (GCD), long-term cycling (LTC), electrochemical impedance spectroscopy (EIS) and area-specific impedance (ASI). Promising results in terms of higher surface area, better electrical conductivity and optimized electrochemical performance are demonstrated for Ag/LiMn2O4 composite calcined in vacuum due to the high concentration of metallic Ag nanospheres and a negligible but useful fraction of insulating AgO covering the spinel electrode.




2. Materials and Methods


2.1. Synthesis


Spinel LiMn2O4 materials were prepared by one-pot, two-step precipitation method using a precipitating agent as reported elsewhere [9]. Briefly, predetermined stoichiometric amounts of lithium acetate (Analytical grade, Sd Fine-Chem Ltd., Mumbai, India) and manganese acetate (Analytical grade, 99.99%, Sigma-Aldrich, Taufkirchen, Germany) with molar ratio Li:Mn = 1:2 were dissolved in separate beakers and stirred in de-ionized (DI) water as aqueous solutions immersed individually in cold water bath. Then, oxalic acid acting as precipitating agent (puriss p.a., anhydrous, ≥99.0%, Sigma-Aldrich, Taufkirchen, Germany) with molar ratio 1:1 of the precipitating agent to each metal cation was calculated and dropwise added to the above cold suspension in its beaker individually to precipitate manganese acetate into manganese oxalate and lithium acetate into lithium oxalate. Then, each suspension was stirred for 0.5 h separately and finally after the precipitation mixed together. The entire precipitate was stirred at 80 °C to evaporate the water. After obtaining a viscous precipitate, it was poured into a large Petri dish to enhance the rate of evaporation in a wide area. The precipitate was collected and dried at ca. 100 °C overnight. The calcination was performed in air at 450 and then at 750 °C for 5 h for each temperature with intermittent grinding. Finally, the powder was treated in air at 900 °C for 10 h (hereafter referred to as LMO). The surface modification of LiMn2O4 particles was performed by in situ coating technique using an ethanolic silver-nitrate solution. The schematic representation of the Ag coating process is shown in Figure 1.



For this process, the Ag:LiMn2O4 ratio of 3:95 in weight was chosen. Each powder was dissolved separately in absolute alcohol. The calculated weight of silver nitrate was dropwise added to LiMn2O4 solution. The mixture was stirred for 1 h, and then the reduction of Ag+ ions to metallic Ag0 was obtained with ascorbic acid according to the relation:


C6H8O6 + 2AgNO3 → 2Ag + 2 HNO3 + C6H6O6.











After stirring the mixture for 30 min, a “silver mirror-like”appearance was observed clearly on the wall of the vessel as an indicator of the formation of Ag nanoparticles. The final mixture was filtrated using very fine filter paper and washed by ethanol. The resulted precursor was divided into two parts. The first part was calcined at 300 °C for 3 h in air (labeled as Ag/LMO(a)), while the second part was calcined at 300 °C for 3 h under vacuum (named as Ag/LMO(v)).




2.2. Characterization


The crystal structure of the samples and phase identification were examined by X-ray diffractometer using a Philips X’Pert apparatus equipped with a CuKα X-ray source (λ = 1.54056 Å). Data were collected in the 2θ range of 10–80° at a step size of 0.05°. The obtained XRD patterns were refined using the FULLPROF software (Toolbar Fullprof suit program (3.00), version June-2015) [55]. Elemental composition was examined with energy dispersive X-ray (EDX) spectroscopy (Oxford instrument INCA attached to the scanning electron microscope) and with X-ray photoelectron spectroscopy using an ESCALAB 250Xi apparatus (Thermo Fisher Scientific, Les Ulis, France) equipped with Mg Kα source (λ = 1253.6 eV). BET surface area and pore size distribution of synthesized samples were determined from N2-adsorption experiments using (Belsorp max version 2.3.2). The BET surface area was calculated from the isotherms in the range from 0.02 to 0.4 of relative pressures (P/P0). Raman spectra were collected with a micro-Raman spectrometer (model Alpha3000 R/AS from Witech, Ulm, Germany) using the laser excitation wavelength λ = 532 nm. A silicon crystal was used as a reference for the wavenumber calibration regularly verified with the phonon peak at 520 cm−1. HRTEM images were obtained with a JEOL 2100F microscope operated at 200 kV and equipped with a Cs corrector to achieve atomic resolution better than 0.14 nm.



Cathode electrodes for electrochemical testing were prepared by casting a slurry with a composition of 80 wt.% LiMn2O4 active material, 10 wt.% carbon black Super P or C65 (TIMCAL) and 10 wt.% polyvinylidene fluorite (PVdF) onto Al foil. The size of electrode discs is ∅ 12 mm and the mass loading of active material is in the range 1.2–1.3 mg cm−2. These electrodes were assembled inside 2016-type coin cells with lithium metal foil as counter electrode and 1 mol L−1 LiPF6 in 1:1 ethylene carbonate: dimethyl carbonate (EC:DMC) as electrolyte. The cyclic voltammetry tests were recorded at a scan rate of 0.2 mV s−1. The cells were galvanostatically charged and discharged at various current densities (0.148 A g−1 is equivalent to 1C rate) using a Maccor series 4000 battery tester (Maccor Inc., Tulsa, OK, USA) between 4.5 and 3.0 V at 20 °C. The potentials reported in this work refer to the Li|Li+ couple. EIS experiments were carried out in the frequency range from 0.1 Hz to 100 kHz with a bias voltage of 10 mV.





3. Results


3.1. Structural Analysis


The X-ray diffraction (XRD) diagrams of parent LiMn2O4 and Ag/LiMn2O4 composites are shown in Figure 2. All patterns display well-resolved reflections with very smooth background indicating the high crystallinity of LMO materials prepared by precipitation method. All the reflections for samples with or without surface treatment are indexed to the characteristic Bragg lines of the spinel LiMn2O4 (Fd-3m space group, JCPDS card No. 89-1026) without any residual impurities such as Mn-based oxides. The cubic structure of LiMn2O4 (Figure 2b) can be represented by an assembly of LiO4 tetrahedra and MnO6 octahedra, in which Li atoms occupy the 8a Wyckoff positions and Mn atoms the 16d sites. The slight broadening of the XRD reflections indicates that the material is of nanoscale character and agrees well with previous LiMn2O4 reports [31,56]. In the XRD patterns of Ag/LMO(a) and Ag/LMO(v) samples, it is difficult to clearly identify the characteristic peaks of Ag (i.e., cubic (fcc) phase, (111)-reflection at 2θ = 38.12°) and/or its oxides (i.e., cubic Ag2O phase, (111)-reflection at 2θ = 32.85°; monoclinic AgO phase, (111)-reflection at 2θ = 37.23°) because the small amount of the Ag additives and the overlapping of reflection peaks with those of LiMn2O4. Nevertheless, to distinguish the slight modifications (if exist), several structural parameters are worth considering. First, as reported by several workers, the small value of the full-width at half-maximum (FWHM) of the (400) peak located at 2θ = 43.95° is related to higher crystallinity and better ordering of local structure [57,58,59]. Note that all relative peak intensities of reflection lines match well with the values given by the JCPDS card No. 89-1026.



In our experiments, some reflections for Ag/LMO(v) sample are broader than for the pristine one, indicating that the (111), (200) and (220) peaks of metallic Ag almost overlap the (222), (400) and (440) peaks of LMO. Second, we found that the peak intensity ratio of the (311)/(400) reflections is slightly smaller for the Ag-coated LMO samples (0.88) than for the pristine sample (0.91). Since the doping could increase the peak intensity ratio of I(311)/I(400) [23,24], it suggests that silver does not penetrate the spinel lattice but remains at the surface. The structural evolution of the LiMn2O4 spinel coated with Ag were analyzed using the Rietveld refinement. The refinement parameters are listed in Table 2 and the refined XRD patterns are displayed in Figure 3a–c.



A good agreement between calculated diagrams and observed patterns was obtained assuming the composition of Ag/LMO composites including a LiMn2O4 spinel core (Fd-3m S.G.) with metallic Ag nanoparticles (Fm3m S.G) and a layer of silver oxide (P21/c S.G.) at the surface. In the XRD analysis, the phase fraction was refined with uncertainty of 0.1% and refined by minimization of the difference between experimental and calculated diffractogram. The best results were obtained with reliability factors of ~8%. Value of the cubic lattice parameter a = 8.240(1) Å for LiMn2O4 does not vary significantly for Ag/LMO composites, demonstrating the thermodynamic stability of the spinel upon Ag coating. These results show that Ag+ with an ionic radius of 1.26 Å, much bigger than that of Mn3+ (0.645 Å), is not hosted by the spinel lattice, in good agreement with former reports [46,47,48].



Values of the coherence (Lc) lengths determined from the Scherrer’s formula are in the range 69 ≤ Lc ≤ 84 nm. Almost identical Lc values evidence that the LiMn2O4 framework is well preserved after coating by Ag. The phase fraction in Ag/LMO is also determined from Rietveld analysis using the model of Ag nanoparticles and AgO coating layer deposited on the surface of LiMn2O4 particles. Results reported in Table 2 show that the Ag/LMO(v) sample contains 2.6% metallic Ag and 0.8% AgO phase. In contract, the sample heat treated in air has a high content of AgO (3.2%), which is an insulating matrix produced by the oxidation of Ag nanoparticles.



The microstrain (ε) of the LMO particles was determined using the Williamson–Hall equation [60]:


Bhkl cos θhkl = (Kλ/Lc) + 4ε sin θhkl



(1)




where Bhkl is the line broadening of a Bragg reflection (hkl), K is the shape factor and Lc is the effective crystallite size and λ is the X-ray wavelength. The microstrain is estimated from the slope of the plot Bhkl cos θhkl as a function of 4 sin θhkl and the intersection with the vertical axis provide the crystallite size. The Bhkl value used here is the instrumental corrected one. In Figure 4, we observe that the microstrain of 1.6 × 10−3 rd for Ag/LMO(v) is almost similar to that of pristine LMO (1.5 × 10−3 rd), which indicates that the formation of Ag nanoparticles does not influence the underlying LMO lattice. In contrast, the microstrain for the Ag/LMO(a) sample increases considerably to 2.2 × 10−3 rd, indicating the difference of morphology in the coating layer that created a local deformation of the structure.



The chemical composition of Ag/LMO powders was analyzed by EDX spectroscopy (Figure 5). The spectrum of the Ag/LMO(v) sample shows only the additional peak of Ag and the C-peak that originates from the carbon foil used for this experiment. The concentration of the different elements deduced from the EDX spectrum (Ag fraction of 2.85 wt.%) is consistent with results from Rietveld refinements (Ag fraction of 3.3–3.4%).




3.2. Surface Analysis


The surface of LMO particles was investigated by XPS, BET surface area, pore-size measurements and Raman spectroscopy. XPS measurements were carried out to evaluate the chemical composition and characterize the chemical state of cations in LMO samples. The spectra are shown in Figure 6 and the binding energy of Mn 2p3/2, O 1s and Ag 3d5/2 core levels are listed in Table 3. Both the line shape (Gaussian-like) and the binding energy of O 1s (530.1 eV), Li 1s (55.0 eV) and Mn 2p3/2 (642.2 eV) match well with the characteristics XPS patterns of the LiMn2O4 spinel phase [61,62]. As shown in Figure 6b–d, the Mn 2p3/2 and Mn 2p1/2 XPS patterns of Mn 2p (with a peak separation of 11.7 eV) can be fitted in two bands using the binding position of Mn3+ and Mn4+ cations. The average valence state of Mn was found to be 3.504, 3.507 and 3.505 in pristine LiMn2O4, Ag/LMO(a) and Ag/LMO(v), respectively, which confirms the stoichiometry of the sample.



The XPS spectra of Ag-modified LMO samples show additional peaks attributed to the Ag 3d, Ag 3p and Ag 3s core levels. The high-resolution XPS patterns of Ag 3d core level shown in the spectral region 360–380 eV distinguish the different natures of silver in Ag/LMO(v) and Ag/LMO(a) composites (Figure 6e). In the spectrum of Ag/LMO(v), the Ag 3d5/2 peak position at 367.8 eV and the 3d-peak splitting of 6.0 eV corresponds to that of Ag0 [63], whereas the shift of the 3d peak toward lower energies in the spectrum of Ag/LMO(a) indicate the presence of AgO [64].



As expected, the oxidation of silver results in a shift of the 3d5/2 core level to higher binding energy: the peak is located at 368.2 eV in metallic silver vs. 368.6 eV in AgO [65]. However, here, the peak for Ag0 was found at a higher energy (368.8 eV). The shift of binding energy of Ag 3d states is attributed to the presence of Ag0 nanoparticles instead of a continuous Ag surface. This effect has been reported several times [66,67,68]: the authors reported that the shift to higher binding energy increases with decreasing nanoparticle diameter. For example, Lopez-Salido et al. [66] observed a positive core level shift for Ag nanoparticles deposited on highly ordered pyrolytic graphite (HOPG) surfaces. Similarly, Tanaka et al. [68] carried out XPS studies of Au nanoparticles supported on HOPG substrates and attributed these energy shifts to the dynamic final-state effect on the metal Au core-level photoemission due to the positive charge with a finite lifetime left behind in the nanoparticles in the photoemission final state.



The surface area of an electrochemically active material is an important parameter for the determination of the exchange-current at the electrolyte–electrode interface and kinetics of Li+ ions in electrode. As shown in Table 4, the BET specific surface area of LMO is 2.1 m2g−1, which decreases to 0.6 m2g−1 for Ag/LMO(a) but increases to 4.1 m2 g−1 for Ag/LMO(v). This result shows the difference in the surface between Ag/LMO composites prepared in air or in vacuum. The increase in BET value is attributed to the formation of spherical-like AgNPs on the surface of LiMn2O4 particles. Such phenomenon has also been observed for SiO2/Ag composites [69].



Figure 7a–c shows the typical N2 adsorption-desorption isotherms of the pristine LMO, Ag/LMO(a) and Ag/LMO(v), respectively, along with the pore size distribution shown in insets. The isotherm curves of the three samples display hysteresis loops indicating the hierarchical mesoporous structure of LMO nanopowders [31,70]. The shape of the isotherms provides us insights about the porosity of the samples. The height of the plateaus observed at low (<0.1) relative pressures indicates the relative volume of the micropores. The mesopores (10–50 nm in size) correspond to the interconnecting voids existing between randomly packed nanoparticles [70]. For the pristine LMO sample (Figure 7a), the isotherm increases with increasing P/P0 and forms a H3-hysteresis loop, for Ag/LMO(a) and Ag/LMO(v) samples (Figure 7b,c), at relative high pressure (P/P0 > 0.9) the isotherm increases rapidly and forms a lag loop, which is, according to IUPAC classification, typical of a H1-hysteresis loop. The reason for this phenomenon may be due to the differences in the accumulation of particles.



The pore structure was calculated using the Barrett–Joyner–Halenda (BJH) model. As shown in the insets of Figure 7, the BJH pore size distribution shows that all samples have a mesoporous character and monodisperse mesopore sizes are estimated to be 5.5, 22.5 and 22.6 nm for pristine LMO, Ag/LMO(a) and Ag/LMO(v) samples, respectively. It is remarkable that the Ag coating obtained by an additional calcination process leads to change in the mesoporous structure of LMO. It is well known that the mesoporosity of electrode material is beneficial for high rate performance in LIBs. The bigger size of mesopores (22.6 vs. 5.5. nm) for Ag/LMO composites favors the charge transfer across the electrode–electrolyte interface, enhances the ability of large current discharge performance. In addition, the mesopore size uniformly interconnected can decrease the diffusion lengths of approximately 10 nm [71].



The local structure, i.e., short-range environment within LMO lattice, and surface state of particles were investigated using Raman scattering (RS) spectroscopy in the spectral range 100–800 cm−1. In this region, the internal and external modes of vibration of LiMn2O4 are observed. Figure 8a–c presents the Raman spectra of pristine LMO and Ag/LMO composites, respectively. Considering the cubic Fd-3m structure (Oh7 spectroscopic symmetry) for LiMn2O4, one expects six Raman active modes represented by the species 2A1g + 1Eg + 3T2g [72,73,74]. A common feature is the presence of the strong band around 600 cm−1 viewed as the symmetric Mn–O stretching vibration involving motion of oxygen atoms inside the MnO6 octahedron. The splitting at 572 and 615 cm−1 is due to the presence of regular MnIVO6 and distorted MnIIIO6 octahedra. The low-frequency peak at 160 cm−1 is assigned to the external mode, i.e., translational T2g(T) mode. The peaks at 342 and 462 cm−1 are attributed to the Eg and T2g(2) modes, respectively, while the high-frequency T2g(3) mode is observed at 653 cm−1. The Raman spectra of Ag-modified LMO display four extra peaks appearing at 390, 435, 494 and 713 cm−1, which are the fingerprints of the presence of the AgO phase (P21/c S.G.) on the LMO surface. Analysis of the C2h5 group factor of AgO monoclinic phase predicts six Raman active modes (3Ag + 3Bg). The symmetric stretching νs(Ag-O) mode at 494 cm−1 is associated with the motion of oxygen with Ag(I) cations linearly coordinated, while the peak at 435 cm−1 is assigned to the νs(Ag-O) mode for oxygen square-coordinated about Ag(III). The band at 390 cm−1 corresponds to the symmetric bending δ(O-Ag-O) mode in the AgO lattice [75,76]. The high-frequency Raman signal at 713 cm−1 is identified as the vibration of silver carbonate formed by reaction of Ag2O with atmospheric CO2 [77].



These results are consistent with those of XPS and XRD from the view point to the prevalence of Ag0 in Ag/LMO(v) and AgO in Ag/LMO(a). It is well known that silver and gold nanoparticles, or roughened surfaces of these materials, enhance the Raman signal of molecules near them. The silver and gold themselves are not Raman-active—in other words, what we observe is not the Raman signal of silver–silver bonds but the enhancement of signals from molecules in close proximity, sometimes by many orders of magnitude. However, the signature of AgO is present in the Raman spectra.




3.3. Morphology


The morphology and surface state of as-prepared LMO particles was examined in detail by transmission electron microscopy (TEM). Figure 9 presents the typical TEM and HRTEM Figure for pristine LMO (Figure 9a,b), Ag/LMO(v) (Figure 9c,d) and Ag/LMO(a) (Figure 9e,f) samples with analyses of the lattice fringes and related fast Fourier transform (FFT) patterns. TEM image of pristine LMO (Figure 9a) shows particles 200–400 nm in size with truncated octahedral shape characteristic to LiMn2O4. HRTEM in Figure 9b displays well crystallized nanoparticles with a smooth surface and exhibit lattice fringes with interplanar distance of 0.47 nm corresponding to the (111) plane of the LiMn2O4 spinel phase. The related FFT pattern agrees well with the SAED pattern of the whole particle of LiMn2O4 and reveals its polycrystalline nature.



The morphology of Ag/LMO(v) nanoparticles is shown in Figure 9c,d. It is obvious that the coating has no effect on the spinel morphology. Only very small quasi-spherical spots of Ag nanoparticles with diameters 8–15 nm were found to be distributed on the surface of LMO particles. These spots are identified by the appearance of the lattice fringes of 0.239-nm characteristic of the (111) plane of metallic Ag0 [78]. The surface of LMO particles treated in air is modified differently and becomes rough (Figure 9e,f). It could be the reason the air-treated sample shows smaller surface area. The lattice fringes of 0.295 nm match well with the (110) plane of AgO [79]. These patterns show that the Ag/LMO(a) sample is coated by few Ag0 nanospheres with diameter of ~15 nm embedded in an AgO matrix. Thus, most of the silver phase has been oxidized in air to form a relatively thick layer (~15 nm) of AgO (Figure 9e,f).




3.4. Electrochemical Properties


To investigate the effect of Ag coating on the electrochemical performance of LiMn2O4, the LMO||Li cells were tested by cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) measurements using 2016-type coin cells. Experiments were performed with the upper cut-off potential set at 4.5 V vs. Li|Li+ to avoid the cation mixing by the appearance of Mn in the 8a tetrahedral sites [80]. Figure 10a–c shows the cyclic voltammograms of the LMO samples.



The CV curves of pristine LMO and Ag/LMO(v) samples (Figure 10a,b) display two sets of well-defined anodic and cathodic peaks characteristic of the redox reaction in the Li1-xMn2O4 (0 ≤ x ≤ 1) spinel phase. The redox peak splitting is associated with the typical two-step reversible extraction and insertion of Li+ ion from/into the LiMn2O4 framework [81,82,83,84,85]. The first set at 4.075/3.956 V is attributed to the LiMn2O4 ↔ Li0.5Mn2O4 reaction, whereas the second set at 4.178/4.077 V is related to the further insertion/extraction Li0.5Mn2O4 ↔ LiεMn2O4 process (with LiεMn2O4 close to λ-MnO2). The same behavior was observed for the Ag/LMO(v) electrode, which has the first redox peak at 4.050/3.930 V and the second redox peak at 4.180/4.067 V. The measured peak current ratio (ipa/ipc) for the two samples is close to 1 even at subsequent cycles; this is indicative of relative insertion and extraction reaction and transport rates of Li ions in both samples [86]. It is obvious that, for the Ag/LMO prepared in vacuum, the anodic and cathodic peaks remain well-separated upon cycling with a slightly lower intensity of the anodic and cathodic peaks due to the better conductivity of the surface of particles with Ag coating. CV curves show that the coating realized under vacuum is beneficial for the cyclability and reversibility of the LMO electrode and does not affect the charge transfer at the electrode–electrolyte interface. The small potential difference in peak potential, ∆EP = 0.1 V, reflects the high rate capability of the Ag/LMO(v) electrode. In contrast, the CV curves of Ag/LMO prepared in air (Figure 10c) exhibit a broadening in the anodic and cathodic peaks with high polarization of ∆EP= 0.338 V for the first redox peak and ∆EP 0.336V for the second set. This broadening and large potential difference ∆EP for Ag/LMO (a) is indicative of a poor reversibility and the presence of an insulating layer that hinders the charge transfer. This poor performance is attributed to the poor electronic conduction of AgO (σe ~10−5 S cm−1) [54].



The GCD profiles of the Li//LMO cells are presented in Figure 11. Experiments were carried out at 15 mA g−1 rate in the potential range 3.0–4.5 V over 60 cycles. All charge–discharge curves exhibit two voltage plateaus at ca. 4.0 (phase transition I) and ca. 4.15 V (phase transition II). They are typical of the well-crystallized LiMn2O4 spinel structure, which implies the existence of two steps for the extraction/insertion of Li ions from/into the LMO lattice [87,88,89,90]. Each step corresponds to the cathodic or anodic peaks observed in voltammograms and originate from the existence of a homogeneous Li1−xMn2O4 cubic phase (0 ≤ x ≤ 0.5) followed by a two-phase system implying the Li0.5Mn2O4 and LixMn2O4 (x < 0.2) ended cubic phases during oxidation and reduction processes in the potential range 3.0–4.5 V. For the pristine LMO and Ag/LMO(v) electrodes, the charge step voltages occur at 4.014 and 4.134 V and the discharge step voltages at 4.115 and 3.995 V. In contrast, the charge–discharge curves of the Li//Ag/LMO(a) cell exhibit less pronounced voltage plateaus. A slight sloping of charge–discharge curves appears upon cycling indicating the increase of the cell polarization caused by the presence of the highly resistive AgO phase on the surface of LMO particles.



The initial specific discharge capacities delivered by pristine LMO, Ag/LMO(v) and Ag/LMO(a) electrodes when cycled at 15 mA g−1 rate are 115, 105 and 118 mAh g−1, respectively, with a capacity retention of 76%, 82% and 58% after 60 cycles. The Ag/LMO (v) electrode shows the best electrochemical performance in terms of capacity retention and coulombic efficiency of 98.5% despite its low initial capacity compared with pristine LMO. Improvement of the electrochemical performance is attributed to the higher surface area and lower electrical resistance of the LMO surface produced by the deposition of silver nanospheres. These results show that 3 wt.% Ag deposit is suitable; high silver content could form a barrier for the motion of Li+ ions resulting in a large decrease of the rate capability [91].



The differential capacity curves (−dQ/dV vs. V) were plotted to analyze the lithiation/delithiation processes (i.e., study of redox potentials) in LMO electrodes. These plots differentiate the charge–discharge capacity (Q) from data in galvanostatic charge–discharge curves with respect to the cell voltage and transform voltage plateaus on the V–Q curves into peaks, which further characterize the electrochemical behavior of coated or doped electrodes and identify the gradual changes (if any) after the subsequent lithiation/delithiation process [92,93]. This method can be more accurate than cyclic voltammetry if measurements are carried out at low current density (≤15 mA g−1). In Figure 12, we demonstrate the −dQ/dV vs. V plots measured during the 2nd and 60th cycles from 3.0 V to the anodic cutoff potential of 4.5 V at 0.1C rate to verify the structural stability during cycling of the three LMO electrodes. The differential capacity profiles in galvanostatic conditions for all LMO electrodes show similar behavior. The difference in the shape of plateau I (at ~4.0 V) and plateau II (at ~4.15 V) are clearly seen in the −dQ/dV vs. V curves. Oxidation peak II is significantly broadened in the Ag/LMO(a) and Ag/LMO(v) electrodes, which is likely because of the existence of the AgO layer on the surface of the LMO particles. The phase transition process is influenced by this layer because of the modification of the crystal structure on the surface, which results in a potential shift of the redox reactions. Table 5 lists the oxidation (anodic) potentials Vox(I,II) of the phases I and II and the difference between oxidation and reduction potentials ΔV = Vox − Vred. These results evidence the increase of ΔV due to the polarization provoked by the silver oxide coating; furthermore, the presence of metallic Ag nanospheres in Ag/LMO(v) compensates the presence of the non-conductive AgO layer, which, however, prevents side reactions and Mn dissolution for both Ag/LMO(a) and Ag/LMO(v) electrodes.



Figure 13a illustrates the cycling performance the LMO electrodes in the voltage range 3.0–4.5 V. The cyclability was investigated at 15 mA g−1 rate over 60 cycles. This figure shows that the Ag/LMO(v) sample exhibits better cyclability than the pristine LMO and Ag/LMO(a) samples within 60 cycles. The capacity retention of the Ag/LMO(v) electrode (81.9%) is higher than that of pristine one (76.6%) and displays a better coulombic efficiency of 99.4% compared to 98.1% for LMO cycled over 60 cycles. At 75 mA g−1 current density the capacity fade is only 0.06% per cycle (in 60 cycles) for the Ag/LMO(v) electrode. The detrimental effect of the AgO layer deposited on Ag/LMO treated in air is evidenced by the poor capacity retention of 58.2%. Figure 13b compares the electrochemical performance of the Ag/LMO(v) electrode cycled at 15 and 75 mA g−1 rate. After 40 cycles, the specific discharge capacity of the Ag/LMO(v) composite is higher at high rates, i.e., 75 mA g−1, compared with that at lower current density. It could be attributed to the effective reduction of the cathode–electrolyte interface polarization of the cell due to higher electronic conductivity of the composite electrode. Similar phenomena were found not only for Ag/LiMn2O4 composites [45] but also in other Ag-based composites such as Ag/LiCoO2 and Ag-Li4Ti5O12. Huang et al. [94] reported that the discharge capacity of the Ag-doped Li4Ti5O12 was slightly lower than that of the undoped one at 30 mA g−1, while the discharge capacities of the composite electrode became much higher than those of the undoped one when the charge–discharge rate increased. The Ag-LiCoO2 composite electrode delivered a higher specific discharge capacity at 10C than that at 8C [38]. Figure 13c shows that the coulombic efficiency for the Ag/LMO(v) electrode remains at 99% after 80 cycles at 15 mA g−1.




3.5. Transport Properties


To examine changes of the transport parameters of LMO electrodes, i.e., electrode–electrolyte interface resistance and Li+ ion kinetics, EIS tests were carried out after five cycles at 15 mA g−1 to get insight into the origin of the difference in electrochemical performance of Ag-coated LMO. The Nyquist plots of pristine and Ag-coated LiMn2O4 electrodes are presented in Figure 14a. Experimentally, each EIS spectrum displays four regions, which can be modeled by the elements of the equivalent circuit (Figure 14b): (i) the intercept at high frequency with the Z′-axis is related to the uncompensated ohmic resistance of the cell (Rs); (ii) in the high-frequency region, where the first depressed semicircle is associated with the solid electrolyte interphase (SEI) layer (resistance RSEI and constant-phase element CPESEI); (iii) the medium-frequency domain, where the second depressed semicircle is ascribed to the charge-transfer impedance (Rct, CPEdl) at the electrode–electrolyte interface, in which the constant phase element is expressed by CPE = 1/T[(jω)p], with ω the angular frequency, T the CPE constant, p an exponent (0 ≤ p ≤ 1, p = 1 for pure capacitance) and j the imaginary number (j = √ − 1); and (iv) the low-frequency range, where the inclined line is ascribed to the Li+-ion diffusion-controlled process characterized by the Warburg impedance taken in the infinite limit and expressed by the relation Zw(ω) = σw (1 − j) ω−1/2, with σw the Warburg factor [95]. The real part of the impedance Z’(ω) is the sum of the real part of the four components:


Z′(ω) = Rs + RSEI + Rct +σw ω−1/2,



(2)







Figure 14c presents the real part of Z vs. ω−1/2 of the LMO electrodes in the low-frequency range to determine the Warburg factor (i.e., slope of the regression line). The apparent diffusion coefficient DLi can be calculated according the following relation [96]:


   σ w  =   R T    n 2   F 2  A  2     (   1   C  L i      D  L i        )  ,  



(3)




in which R is the gas constant, T is the absolute temperature, F is the Faraday’s constant, n is the number of electrons transferred (n = 1), CLi is the concentration of Li+-ion inside the LMO electrode and A the effective surface area of the electrode. Results of the fits are listed in Table 6.



The Ag/LMO(v) electrode exhibits a significant decrease of the Rct value, which is a direct indication of an increase of electrical transfer at the interface resulting in an increase of rate capability. The exchange current I0 is calculated according to the relation:


   I 0  =   R T   n F    1   R  c t      



(4)







The higher value of I0 of 258 µA for the Ag/LMO(v) electrode (against 193 and 110 µA for pristine LMO and Ag/LMO(a), respectively) implies an easier electrochemical reaction on the surface. Moreover, the apparent diffusion coefficient of Li+ ion in the Ag/LMO(v), i.e., 6.3 × 10−12 cm2 s−1 is twice DLi in pristine LMO.



Another test for the electrochemical performance of a Li-insertion electrode is the evaluation of the area-specific impedance (ASI expressed in Ω cm2) that evidences the change in the overall cell potential as a function of the depth of charge (DOD) given by the relation [97,98]:


  A S I = A   ( O C V −  V  c e l l   )  I  ,  



(5)




where A is the cross-sectional area of the electrode, ΔV = OCV − Vcell is the potential change during current interruption for 60 s at each DOD and I is the current passed throughout the cell. Figure 15 presents the variation of ASI for the LMO electrodes. ASI values are 32, 26 and 58 Ω cm2 for the pristine LMO, Ag/LMO(v) and Ag/LMO(a), respectively, at 90% DOD. The curves in Figure 15 indicate that, during battery charging, the charge-transfer resistance is dependent of DOD. These results match well with the work of Amine et al. [98], who reported an ASI of 25 Ω·cm2 for a LiMn2O4 electrode subjected to a pulse of 18 s.





4. Discussion


Improvement of calendar and cycling life are issues requiring sophisticated technology to prevent degradation mechanisms of a lithium electrochemical cell. Surface modification of the electrode materials is part of the solution. It is generally accepted that coating layer improves the structural stability and decreases the disorder of cations in crystal sites, but at the expense of compromising the practical capacity and/or the energy density of electrode material [99,100]. During charge–discharge process of a LIB, the charge transfer in an insertion compound (either anode or cathode) implies the simultaneous local transport of both electrons and lithium ions. In an ideal electrode, electrons must directly reach positions where Li+ ions take place. Generally, the electron-transfer pathway is ensured by carbonaceous additive (Ketjen black carbon, acetylene black, graphite powders, vapor-carbon fibers, etc.) [101,102], but, in some cases, for olivine cathode materials for example, a carbon coating is necessary to perform good contact-bridges between particles because the interparticle resistance. It makes the electrons and Li+ ions locally inserted into the particles. Noble metals such as silver and gold have been also suggested [33,40,41,42,43,44,45,46,47]. We can expect better electrochemical performance at high rate with the employment of very small amount of these noble metals because the electrons arriving at the surface of particles are rapidly driven to the current collector. Since Ag or Au does not provide any electrochemical reaction, the presence of metallic nanoparticles in the deposit does not provoke any problem in the electrode performance.



Several techniques have been employed to deposit the conductive species on LiMn2O4 particles such as ion-sputtering deposition [33], co-deposition method in solution [103], electrodeposition [104], chemical deposition using aqueous or alcoholic solution [43,45,47,48,49]. In the present study, a new process was used including an alcoholic-type chemical deposition with complexing agent, which produced Ag nanospherical particles (~20 nm in diameter) deposited on the LMO particles with an almost monodisperse distribution. This deposit is well attached to the LMO surface. Phase analysis showed that Ag did not enter the spinel structure. Combined results from Rietveld refinements, Raman and XPS spectroscopy indicated that LMO nanoparticles are covered by metallic Ag and AgO phases. To the best our knowledge, no study is devoted to the presence of silver oxide on the surface of Ag-modified cathodes although oxidation of silver is a native reaction depending on the atmosphere. The Ag nanospheres insure the interparticle electronic contact, which enhances the overall electrochemical performance, while the AgO thin layer suppresses the undesired side reactions between electrode and electrolyte, therefore slowing down the SEI formation on the LMO surface and suppression of the release of Mn ions in the electrolyte. Therefore, the Ag nanospheres have a positive effect not only on the electron kinetics but also on the lithium insertion/deinsertion process, by reducing the charge transfer resistance.



A comparison of the electrochemical performance of Ag-modified LiMn2O4 composite electrodes reported thus far in the literature is presented in Table 5. However, well-dispersed and few-nanometer sized Ag nanoparticles are obtained using ascorbic acid (C6H8O6) and table sugar (C12H22O11). Different concentrations of Ag have been tested and ~3 wt.% seems to be the best one [43]. These 3 wt.% of Ag are enough to ensure a good contact bridging effect, further amount could form a barrier for the Li+ ion transport. In contrast to the work of Huang et al. [45], the stability of our Ag-modified electrode calcined in vacuum is remarkable. The two sets of redox peaks shown in voltammograms are identical to those of pristine LMO and remain stable upon cycling. However, the better reversible capacity and cycling stability was also observed for electrode cycled at high C-rates. Note that data listed in Table 7 are also comparable with those reported for the Au-TiO2-coated LiMn2O4 electrode prepared by co-deposition method, which delivered a specific capacity of 110 mAh g−1 after 100 cycles at C/5 rate [99].



The present study also shows that the porous architecture of Ag/LMO composites has several advantages: (i) It can help to alleviate the structure changes caused by the lithium insertion/extraction, which significantly improves the cyclability of the cathode materials. (ii) The porous three-dimensional nanoparticles provide more active surface area for electrochemical reactions. (iii) The optimal pore diameter is better for energy storage as it favors the ion transport (increase of exchange current). This indicates a faster Li ion transport in bigger pores; DLi of Ag/LMO (v) is twice that pristine LMO, which likely contributes to the higher rate capability.




5. Conclusions


In this study, LiMn2O4 spinel cathode material has been coated with silver using a facile, scalable and wet-chemical method. The Ag coating deposited on the LMO particles (~400 nm in size) was obtained via heat treatment under ambient atmosphere (air) or in vacuum. The structure and morphology studies by Rietveld refinements, XPS and Raman spectroscopy show that calcination in air involves the formation of an insulating AgO thick layer, while treatment in vacuum maintains major AgNPs with in its metallic state in the form of nanospheres with minor AgO amount encapsulate LMO particles. The improved electrochemical performance of the Ag/LMO composite electrode heat-treated in vacuum is due to: (i) the enhanced specific surface area (4.1 m2 g−1); (ii) the increase of the mesoporosity, which could lead easy diffusion pathways for Li+ ions to LMO particles; and (iii) the presence of the superficial conductive layer increasing the LMO interparticle electrical contact and the thin insulating AgO layer which prevents side reactions. In contrast, the presence of the relatively thick AgO insulating phase on the surface of Ag/LMO particles treated in air acts as a barrier for the Li+ ions motion. The Ag/LMO(v) electrode shows high capacity retention, reduced side reaction effect, good cyclability and capacity fade of 0.06% per cycle (in 60 cycles).
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Figure 1. Schematic representation of the Ag coating process of LiMn2O4 nanoparticles. 
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Figure 2. (a) XRD patterns of pristine, Ag/LMO(a) and Ag/LMO(v) samples recorded with CuKα XRD source. Inset shows the detailed (111) reflection. (b) Sketch of the crystal structure of LiMn2O4. 
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Figure 3. Rietveld refinements of XRD patterns of: as-prepared pristine LMO (a); Ag/LMO treated in air (b); and Ag/LMO calcined in vacuum (c). 
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Figure 4. Determination of the microstrain ε from the full-width at half-maximum, Bhkl, of XRD peaks according to Equation (1). 
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Figure 5. EDX spectrum of the Ag/LMO(v) sample. 
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Figure 6. (a) XPS survey spectra. High-resolution XPS spectrum of Mn 2p core level of: (b) pristine LMO; (c) Ag/LMO(a); and (d) Ag/LMO(v). (e) High-resolution XPS spectrum of Ag 3d core level of Ag/LMO (a) and Ag/LMO (v) samples. 
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Figure 7. Nitrogen adsorption/desorption isotherms for: (a) pristine LMO; (b) Ag/LMO(a); and (c) Ag/LMO(v). The insets show the pore size distribution. 
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Figure 8. Raman spectra of samples recorded with the laser excitation line at 532 nm (green light): (a) pristine LMO; (b) Ag/LMO(a); and (c) Ag/LMO(v). 
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Figure 9. TEM images at different magnifications of: (a,b) pristine LMO; (c,d) Ag/LMO(v); and (e,f) Ag/LMO(a). 
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Figure 10. Cyclic voltammograms of samples cycled between 3.5 and 4.5 V (vs. Li|Li+) at a scan rate of 0.2 mV s−1: (a) pristine LMO; (b) Ag/LMO(a); and (c) Ag/LMO(v). 
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Figure 11. Galvanostatic charge–discharge profiles of Li//LMO cells. Experiments were carried out at 15 mA g−1 rate in the potential range 3.0–4.5 V over 60 cycles. Positive electrodes are: (a) pristine LMO; (b) Ag/LMO(a); and (c) Ag/LMO(v). 
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Figure 12. Incremental capacity (−dQ/dV vs. V) curves at the 2nd and 60th cycles extracted from data of galvanostatic measurements carried out at 0.1C rate for: (a) pristine LMO; (b) Ag/LMO(a); and (c) Ag/LMO(v) electrodes. 
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Figure 13. (a) Cyclability of pristine LMO, Ag/LMO(v) and Ag/LMO(a) electrodes tested within the voltage range 3.0–4.5 V at C/10 rate; (b) cyclability of pristine LMO Ag/LMO(v) tested at C/10 and C/2 rate; and (c) Coulombic efficiency of the Ag/LMO(v) electrode. 
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Figure 14. (a) Nyquist plots of as-prepared pristine LMO and Ag-coated LMO electrodes; (b) equivalent circuit model for EIS fitting; and (c) plots of the real part of the impedance vs. ω−1/2. 






Figure 14. (a) Nyquist plots of as-prepared pristine LMO and Ag-coated LMO electrodes; (b) equivalent circuit model for EIS fitting; and (c) plots of the real part of the impedance vs. ω−1/2.



[image: Energies 13 05194 g014]







[image: Energies 13 05194 g015 550] 





Figure 15. Area specific impedance (ASI) of parent LMO and Ag-coated LiMn2O4 as a function of depth of discharge (DOD). 
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Table 1. List of investigations carried out on Ag-coated LMO cathode materials from the literature.
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	Ag Content

(wt.%)
	Physical Characterization
	Electrochemical Tests
	Ref.





	3.2
	SEM, EDX
	GCD, LTC (20 cycles)
	[43,44]



	6.3
	XRD, SEM
	CV, GCD, EIS, LTC (50cycles)
	[45]



	n/a
	XRD, SEM, impedance
	GCD, LTC (50 cycles)
	[46]



	3–15
	XRD, SEM, EDX
	CV, GCD, LTC (40 cycles), EIS
	[47]



	5
	XRD, SEM, EDX
	CV, GCD, LTC (100 cycles), EIS
	[48]



	5.9
	XRD, SEM, impedance
	none
	[49]



	3
	XRD, Rietveld, EDX, XPS, Raman, BET, HRTEM
	CV, GCD, LTC (90cycles), IC, EIS, diffusion, ASI
	This work
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Table 2. Results of Rietveld refinements for pristine and Ag-modified LiMn2O4. The phase fraction was refined with uncertainty of 0.1%.
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	Crystal Data
	Pristine LMO
	Ag/LMO(a)
	Ag/LMO(v)





	Lattice parameters
	
	
	



	a (Å)
	8.240(1)
	8.248(1)
	8.238(9)



	V (Å3)
	559.5
	561.1
	559.3



	I(311)/I(400)
	0.91
	0.88
	0.88



	FWHM (400)
	0.233
	0.276
	0.302



	Lc (nm)
	72.7
	83.4
	69.4



	e × 10−3 (rd)
	1.5
	2.2
	1.6



	Reliability factors
	
	
	



	Rp (%)
	8
	8.1
	9.2



	Rw (%)
	6.1
	7.7
	8.1



	Rexp
	10.9
	11.1
	13.9



	c2
	1.48
	2.26
	1.93



	Material fraction (mol%)
	
	
	



	LiMn2O4
	100
	96.7
	96.6



	Ag
	0
	0.2
	2.6



	AgO
	0
	3.1
	0.8
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Table 3. XPS analysis of pristine LMO and Ag/LMO composites.
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Sample

	
Binding Energy (eV)

	
Average Mn Valence State




	
Mn 2p3/2

	
O 1s

	
Ag 3d5/2






	
Pristine LMO

	
642.2

	
530.1

	
-

	
3.504




	
Ag/LMO(v)

	
642.2

	
530.1

	
367.8

	
3.507




	
Ag/LMO(a)

	
642.2

	
530.1

	
367.6

	
3.505
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Table 4. BET results and pore structure parameters for pristine LMO and Ag/LMO composites.
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	Sample
	BET Surface Area

(m2 g−1)
	Total Pore Volume

(cm3 g−1)
	Mean Pore Diameter

(nm)





	LMO
	2.1
	0.07
	5.5



	Ag/LMO(a)
	0.6
	0.128
	22.5



	Ag/LMO(v)
	4.1
	0.152
	22.6
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Table 5. Results of the differential capacity analysis. The potential difference ΔV = Vox − Vred is given for the phases I and II.
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	Samples
	Vox(I)

(V)
	ΔV(I)

(mV)
	Vox(II)

(V)
	ΔV(II)

(mV)





	2nd cycle
	
	
	
	



	pristine LMO
	4.014
	19
	4.134
	19



	Ag-LMO(a)
	4.05
	123
	4.198
	126



	Ag-LMO(v)
	4.036
	69
	4.162
	72



	60th cycle
	
	
	
	



	pristine LMO
	4.005
	13
	4.132
	13



	Ag-LMO(a)
	4.04
	98
	4.179
	91



	Ag-LMO(v)
	4.023
	32
	4.14
	35
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Table 6. Transport parameters of LMO electrodes deduced from EIS measurements.
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Sample

	
Rs

(Ω)

	
Rct

(Ω)

	
CPEdl

	
σw

(Ω s−1/2)

	
DLi

(cm2 s−1)




	
T

	
p






	
pristine LMO

	
17

	
133

	
3.6 × 10−3

	
0.88

	
36.3

	
3.2 × 10−12




	
Ag/LMO(a)

	
20

	
234

	
4.8 × 10−3

	
0.94

	
25.9

	
4.8 × 10−13




	
Ag/LMO(v)

	
11

	
100

	
1.1 × 10−3

	
0.81

	
93.3

	
6.3 × 10−12
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Table 7. Comparison of the electrochemical performance of Ag-modified LiMn2O4 composite electrodes.
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	Reducing Agent
	Ag Content

(wt.%)
	Ag Particle

Size

(nm)
	Electrochemical Performance
	Ref.





	NH4OH
	3.2
	10–100
	91 mAh g−1 @ 2C—20 cycles
	[43]



	NH4OH
	6.3
	10–50
	109 mAh g−1 @ 200 mA g−1—50 cycles
	[45]



	C12H22O11
	5
	3–5
	110 mAh g−1 @ C/2—50 cycles
	[48]



	HNO3
	8
	100–200
	42 µAh cm−2 µm−1 @ 100 µA cm−2—50 cycles
	[46]



	-
	6
	spot
	108 mAh g−1 @ C/3—40 cycles
	[47]



	C6H8O6
	3
	~20
	95 mAh g−1 @ 75 mA g−1—80 cycles
	this work
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