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                    Abstract
In recent years, rechargeable lithium-ion batteries (LIBs) have become widely used in everyday applications such as portable electronic devices, electric vehicles and energy storage systems. Despite this, the electrochemical performance of LIBs cannot meet the energy demands of rapidly growing technological evolutions. And although significant progress has been made in the development of corresponding anodes based primarily on carbon, oxide and silicon materials, these materials still possess shortcomings in current LIB applications. For example, graphite exhibits safety concerns due to an operating potential close to that of lithium (Li) metal plating whereas Li4Ti5O12 possesses low energy density for high operation potential and silicon experiences limited cyclability for large volume expansion during charging/discharging. Alternatively, polyanionic compounds such as (PO4)3–, (SiO4)4–, (SO4)2– and (BO3)3− as electrode materials have gained increasing attention in recent years due to their ability to stabilize structures, adjust redox couples and provide migration channels for "guest" ions, resulting in corresponding electrode materials with long-term cycling, high energy density and outstanding rate capability. Based on these advantages and combined with recent findings in terms of silicate anodes, this review will summarize the recent progress in the development of polyanion-based anode materials for LIBs and sodium-ion batteries. Furthermore, this review will present our latest research based on polyanion groups such as (GeO4)4– to compensate for the lack of available studies and to provide our perspective on these materials.
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Fig. 2[image: ]Copyright © 2015, American Chemical Society. b Potential-composition curve of LiTi2(PO4)3 performed in the GITT mode at a 0.05 C regime for 30 min followed by 30 min relaxation in the 3.40–2.00 V range vs. Li/Li+ and a PITT model; c evolution of the in situ X-ray diffraction patterns of a LiTi2(PO4)3 electrode during the first cycle under the GITT mode between 3.40–2.00 V vs. Li/Li+. Reprinted with permission from Ref. [56]. Copyright © 2002, American Chemical Society. d XRD pattern of NaTi2(PO4)3; e galvanostatic profiles of NaTi2(PO4)3 at a current density of 0.2 mA cm−2 in the organic electrolyte; f CV curves of NaTi2(PO4)3 in aqueous electrolytes with 2 M Na2SO4 and 4 M NaOH at a 0.5 mV s−1 sweep rate. Reprinted with permission from Ref. [59]. Copyright © 2011, The Electrochemical Society. g TEM images of microporous LiTi2(PO4)3 at different magnifications; h voltage profiles of LiTi2(PO4)3 at various rates; i charge/discharge curves of a LiTi2(PO4)3/LiMn2O4 full cell and the corresponding potential profile vs. the saturated calomel electrode (SEC). Reprinted with permission from Ref. [67]. Copyright © 2007, WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim



Fig. 3[image: ]Copyright © 2002, Elsevier Science B.V. All rights reserved. c–f TEM images of mesoporous TiP2O7 calcined at 600, 700 and 800 °C and initial discharge curves of TiP2O7 sintered at different temperatures under a rate density of 0.1 C. Reprinted with permission from Ref. [77]. Copyright © 2005, Elsevier Science B.V. All rights reserved. g–j TEM image of nano-TiP2O7 prepared at 900 °C and the corresponding HR-TEM lattice image, the galvanostatic discharge–charge profile and capacity vs. the cycle number. Reprinted with permission from Ref. [78]. Copyright © 2011, Elsevier Science B.V. All rights reserved. k–m FE-SEM images of the TiP2O7@graphene nanocomposite and pure TiP2O7, and the first five discharge/charge curves under a current density of 0.1 mA cm−2 in a voltage window of 0.2–2.5 V vs. Li/Li+. Reprinted with permission from Ref. [79]. Copyright © 2012, Elsevier Science B.V. All rights reserved. o–r SEM images of nanoporous microspherical TiP2O7 and the cross-sectional SEM image of a single secondary particle, and charge/discharge curves of TiP2O7 and the cycle life under a current density of 0.1 A g−1 in a voltage window of 1.5–3.5 V vs. Li/Li+. Reprinted with permission from Ref. [80]. Copyright © 2018, Science China Press and Springer-Verlag GmbH Germany



Fig. 4[image: ]Copyright © 2014, The Royal Society of Chemistry. c, d XRD pattern of Na3V2(PO4)3 and the corresponding crystal structure schematic. Reprinted with permission from Ref. [85]. Copyright © 2011, Elsevier B.V. All rights reserved. e Galvanostatic charge and discharge profiles of the carbon-coated Li3V2(PO4)3 composite at a current density of 0.013 mA cm−2 in the voltage region of 3.0–1.0 V vs. Li/Li+. Reprinted with permission from Ref. [93]. Copyright © 2010, Elsevier B.V. All rights reserved. f Galvanostatic charge and discharge profiles of Na3V2(PO4)3 in the voltage region of 3.0–1.0 V vs. Na/Na+. Reprinted with permission from Ref. [85]. Copyright © 2012, Elsevier B.V. All rights reserved



Fig. 5[image: ]


Fig. 6[image: ]Copyright © 2002, American Chemical Society. c, d Voltage-capacity plots for the first 2 cycles in the voltage window of 0–3 V vs. Li/Li+ and the corresponding dQ/dV versus voltage plot; e, f ex situ XRD patterns under different states of charge. Reprinted with permission from Ref. [111]. Copyright © 2017, The Royal Society of Chemistry



Fig. 7[image: ]Copyright © 2017, Elsevier Ltd. All rights reserved. d–f SEM and TEM images of the nano-sized Li2TiSiO5 composite along with specific capacities at different current densities. Reprinted with permission from Ref. [113]. Copyright © 2018, Elsevier Ltd. All rights reserved. g–i SEM and TEM images of the three-dimensional carbon modified Li2TiSiO5 composite using carbon nanotubes along with rate performances at different current densities (0.2, 0.5, 1, 2 and 4 A g−1). Reprinted with permission from Ref. [114]. Copyright © 2019, The Royal Society of Chemistry



Fig. 8[image: ]Copyright © 2019, Wiley–VCH Verlag GmbH & Co. KGaA, Weinheim



Fig. 9[image: ]Copyright © 2019, American Chemical Society



Fig. 10[image: ]Copyright © 2019, American Chemical Society. c Typical first discharge and two subsequent cycles for parent sitinakite material (Na2Ti2O3SiO4·2.76H2O) at a current density of 20 mA g−1 or a rate of 0.25 C (1 Li/formula unit in 4 h). Reprinted with permission from Ref. [124]. Copyright © 2006, American Chemical Society. d Charge–discharge curves of Na1.68H0.32Ti2O3SiO4·1.76H2O under a current density of 20 mA g−1 in the voltage window of 0.01–1.50 V vs. Na/Na+; e in situ XRD patterns collected during the first charge/discharge of a Na1.68H0.32Ti2O3SiO4·1.76H2O electrode cycled between 0 and 1.5 V under a current rate of 1/30 C. Labeled diffraction peaks correspond to graphite and current collectors (Al). The rest of the peaks are from the material. Reprinted with permission from Ref. [125]. Copyright © 2019, American Chemical Society



Fig. 11[image: ]Copyright © 2015, Chinese Journal of Inorganic Chemistry
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Fig. 13[image: ]Copyright © 2013, American Chemical Society



Fig. 14[image: ]Copyright © 2015, The Electrochemical Society



Fig. 15[image: ]Copyright © 2017, Elsevier Ltd. All rights reserved
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Fig. 17[image: ]Copyright © 2001, Elsevier Ltd. All rights reserved. c–e Voltage-composition profiles of Co3B2O6, Cu3B2O6 and Ni3B2O6 LIB anode materials in the voltage range of 0–3 V vs. Li/Li+ at a current rate of 0.2 C. Reprinted with permission from Ref. [145]. Copyright © 2003, American Chemical Society



Fig. 18[image: ]Copyright © 2017, The Royal Society of Chemistry. d–f XRD pattern of Fe3BO5 and corresponding crystal structure along the (001) direction; charge–discharge curves of Fe3BO5 as LIB and SIB anode materials in the voltage range of 0.01–3.00 V at a current density of 100 mA g−1. Reprinted with permission from Ref. [147]. Copyright © 2019, The Royal Society of Chemistry 2019. g–i XRD pattern of Ni3(BO3)2 and corresponding crystal structure along the (100) direction; galvanostatic charge–discharge profiles of Ni3(BO3)2 as a SIB anode material in the voltage range from 0.01 to 3.00 V vs. Na/Na+ at a current density of 200 mA g−1. Reprinted with permission from Ref. [148]. Copyright © 2019, Elsevier Ltd. All rights reserved. j–l XRD patterns of Zn3B2O6 and N-doped carbon-coated Zn3B2O6; galvanostatic charge–discharge profiles of N-doped carbon-coated Zn3B2O6 as a SIB anode material in the voltage range from 0.01–3.00 V vs. Na/Na+ at a current density of 20 mA g−1 and cycle performances evaluated under 100 mA g−1. Reprinted with permission from Ref. [149]. Copyright © 2018, WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim



Fig. 19[image: ]Copyright © 2018 IUPAC, The International Union of Pure and Applied Chemistry
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