
16	
  
	
  

 1	
  
References 2	
  

 3	
  
(1)  Z. Chen, Y. Qin, K. Amine and Y. K. Sun. Role of surface coating on cathode materials for lithium-ion batteries, Journal of Materials 4	
  

Chemistry, 2010, 20, 7606-7612. 5	
  
(2)  L. J. Fu, H. Liu, C. Li, Y. P. Wu, E. Rahm, R. Holze and H. Q. Wu. Surface modifications of electrode materials for lithium ion 6	
  

batteries, Solid State Sciences, 2006, 8, 113-128. 7	
  
(3)  C. M. Hayner, X. Zhao and H. H. Kung. Materials for Rechargeable Lithium-Ion Batteries, Annual Review of Chemical and 8	
  

Biomolecular Engineering, 2012, 3, 445-471. 9	
  
(4)  C. Li, H. P. Zhang, L. J. Fu, H. Liu, Y. P. Wu, E. Rahm, R. Holze and H. Q. Wu. Cathode materials modified by surface coating for 10	
  

lithium ion batteries, Electrochimica Acta, 2006, 51, 3872-3883. 11	
  
(5)  J. Vetter, P. Novák, M. R. Wagner, C. Veit, K. C. Möller, J. O. Besenhard, M. Winter, M. Wohlfahrt-Mehrens, C. Vogler and A. 12	
  

Hammouche. Ageing mechanisms in lithium-ion batteries, Journal of Power Sources, 2005, 147, 269-281. 13	
  
(6)  B. Xu, D. Qian, Z. Wang and Y. S. Meng. Recent progress in cathode materials research for advanced lithium ion batteries, Materials 14	
  

Science and Engineering: R: Reports, 2012, 73, 51-65. 15	
  
(7)  K. J. Rosina, M. Jiang, D. Zeng, E. Salager, A. S. Best and C. P. Grey. Structure of aluminum fluoride coated Li [Li1/9Ni1/3Mn5/9]O2 16	
  

cathodes for secondary lithium-ion batteries, Journal of Materials Chemistry, 2012, 22, 20602-20610. 17	
  
(8)  Y. Kim, G. M. Veith, J. Nanda, R. R. Unocic, M. Chi and N. J. Dudney. High voltage stability of LiCoO2 particles with a nano-scale 18	
  

LiPON coating, Electrochimica Acta, 2011, 56, 6573-6580. 19	
  
(9)  V. Etacheri, R. Marom, R. Elazari, G. Salitra and D. Aurbach. Challenges in the development of advanced Li-ion batteries: a review, 20	
  

Energy & Environmental Science, 2011, 4, 3243-3262. 21	
  
(10)  P. V. Braun, J. Cho, J. H. Pikul, W. P. King and H. Zhang. High power rechargeable batteries, Current Opinion in Solid State and 22	
  

Materials Science, 2012, 16, 186-198. 23	
  
(11)  I. Belharouak, C. Johnson and K. Amine. Synthesis and electrochemical analysis of vapor-deposited carbon-coated LiFePO4, 24	
  

Electrochemistry Communications, 2005, 7, 983-988. 25	
  
(12)  J. Y. Murdoch, Diffusion and Reactivity of Solids. 2007. 26	
  
(13)  Y.-K. Sun, Y.-S. Lee, M. Yoshio and K. Amine. Synthesis and Electrochemical Properties of ZnO-Coated LiNi0.5Mn1.5O4 Spinel as 5 27	
  

V Cathode Material for Lithium Secondary Batteries, Electrochemical and Solid-State Letters, 2002, 5, A99-A102. 28	
  
(14)  A. R. Armstrong, M. Holzapfel, P. Novák, C. S. Johnson, S.-H. Kang, M. M. Thackeray and P. G. Bruce. Demonstrating Oxygen Loss 29	
  

and Associated Structural Reorganization in the Lithium Battery Cathode Li[Ni0.2Li0.2Mn0.6]O2, Journal of the American Chemical 30	
  
Society, 2006, 128, 8694-8698. 31	
  

(15)  M. Aykol, S. Kirklin and C. Wolverton. Thermodynamic Aspects of Cathode Coatings for Lithium-Ion Batteries, Advanced Energy 32	
  
Materials, 2014, n/a-n/a. 33	
  

(16)  Z. Chen and J. R. Dahn. Effect of a ZrO2 Coating on the Structure and Electrochemistry of LixCoO2 When Cycled to 4.5 V, 34	
  
Electrochemical and Solid-State Letters, 2002, 5, A213-A216. 35	
  

(17)  X. Xiao, P. Lu and D. Ahn. Ultrathin Multifunctional Oxide Coatings for Lithium Ion Batteries, Advanced Materials, 2011, 23, 3911-36	
  
3915. 37	
  

(18)  Y. S. Jung, A. S. Cavanagh, L. A. Riley, S.-H. Kang, A. C. Dillon, M. D. Groner, S. M. George and S.-H. Lee. Ultrathin Direct 38	
  
Atomic Layer Deposition on Composite Electrodes for Highly Durable and Safe Li-Ion Batteries, Advanced Materials, 2010, 22, 39	
  
2172-2176. 40	
  

(19)  Y. S. Jung, A. S. Cavanagh, A. C. Dillon, M. D. Groner, S. M. George and S.-H. Lee. Enhanced Stability of LiCoO2 Cathodes in 41	
  
Lithium-Ion Batteries Using Surface Modification by Atomic Layer Deposition, Journal of The Electrochemical Society, 2010, 157, 42	
  
A75-A81. 43	
  

(20)  J. S. Park, X. Meng, J. W. Elam, S. Hao, C. Wolverton, C. Kim and J. Cabana. Ultrathin Lithium-Ion Conducting Coatings for 44	
  
Increased Interfacial Stability in High Voltage Lithium-Ion Batteries, Chemistry of Materials, 2014, 26, 3128-3134. 45	
  

(21)  H. Li and H. Zhou. Enhancing the performances of Li-ion batteries by carbon-coating: present and future, Chemical Communications, 46	
  
2012, 48, 1201-1217. 47	
  

(22)  M. Park, X. Zhang, M. Chung, G. B. Less and A. M. Sastry. A review of conduction phenomena in Li-ion batteries, Journal of Power 48	
  
Sources, 2010, 195, 7904-7929. 49	
  

(23)  F. Berkemeier, M. Shoar Abouzari and G. Schmitz. Thickness dependent ion conductivity of lithium borate network glasses, Applied 50	
  
Physics Letters, 2007, 90, 113110-113110-3. 51	
  

(24)  E. Fabbri, D. Pergolesi and E. Traversa. Ionic conductivity in oxide heterostructures: the role of interfaces, Science and Technology of 52	
  
Advanced Materials, 2010, 11, 054503. 53	
  

(25)  N. Sata, K. Eberman, K. Eberl and J. Maier. Mesoscopic fast ion conduction in nanometre-scale planar heterostructures, Nature, 2000, 54	
  
408, 946-949. 55	
  

(26)  A. Peters, C. Korte, D. Hesse, N. Zakharov and J. Janek. Ionic conductivity and activation energy for oxygen ion transport in 56	
  
superlattices — The multilayer system CSZ (ZrO2 + CaO) / Al2O3, Solid State Ionics, 2007, 178, 67-76. 57	
  

(27)  Y.-K. Sun, S.-W. Cho, S.-W. Lee, C. S. Yoon and K. Amine. AlF3-Coating to Improve High Voltage Cycling Performance of 58	
  
Li[Ni1  ⁄  3Co1  ⁄  3Mn1  ⁄  3]O2 Cathode Materials for Lithium Secondary Batteries, Journal of The Electrochemical Society, 2007, 154, A168-59	
  
A172. 60	
  

(28)  M.-S. Wang, J. Wang, J. Zhang and L.-Z. Fan. Improving electrochemical performance of spherical LiMn2O4 cathode materials for 61	
  
lithium ion batteries by Al-F codoping and AlF3 surface coating, Ionics, 2015, 21, 27-35. 62	
  

(29)  J. Zheng, M. Gu, J. Xiao, B. J. Polzin, P. Yan, X. Chen, C. Wang and J.-G. Zhang. Functioning Mechanism of AlF3 Coating on the 63	
  
Li- and Mn-Rich Cathode Materials, Chemistry of Materials, 2014, 26, 6320-6327. 64	
  

(30)  W. Li, X. Li, M. Chen, Z. Xie, J. Zhang, S. Dong and M. Qu. AlF3 modification to suppress the gas generation of Li4Ti5O12 anode 65	
  
battery, Electrochimica Acta, 2014, 139, 104-110. 66	
  

(31)  H.-J. Kweon, S. J. Kim and D. G. Park. Modification of LixNi1−yCoyO2 by applying a surface coating of MgO, Journal of Power 67	
  
Sources, 2000, 88, 255-261. 68	
  



17	
  
	
  

(32)  J. Zhai, M. Zhao, D. Wang and Y. Qiao. Effect of MgO nanolayer coated on Li3V2(PO4)3/C cathode material for lithium-ion battery, 1	
  
Journal of Alloys and Compounds, 2010, 502, 401-406. 2	
  

(33)  Y. Cho and J. Cho. Significant Improvement of LiNi0.8Co0.15Al0.05O2 Cathodes at 60°C by SiO2 Dry Coating for Li-Ion Batteries, 3	
  
Journal of The Electrochemical Society, 2010, 157, A625-A629. 4	
  

(34)  L.-L. Zhang, G. Liang, G. Peng, F. Zou, Y.-H. Huang, M. C. Croft and A. Ignatov. Significantly Improved Electrochemical 5	
  
Performance in Li3V2(PO4)3/C Promoted by SiO2 Coating for Lithium-Ion Batteries, The Journal of Physical Chemistry C, 2012, 116, 6	
  
12401-12408. 7	
  

(35)  Y.-D. Li, S.-X. Zhao, C.-W. Nan and B.-H. Li. Electrochemical performance of SiO2-coated LiFePO4 cathode materials for lithium 8	
  
ion battery, Journal of Alloys and Compounds, 2011, 509, 957-960. 9	
  

(36)  J. Zhao, G. Qu, J. C. Flake and Y. Wang. Low temperature preparation of crystalline ZrO2 coatings for improved elevated-temperature 10	
  
performances of Li-ion battery cathodes, Chemical Communications, 2012, 48, 8108-8110. 11	
  

(37)  S. Hao and C. Wolverton. Lithium Transport in Amorphous Al2O3 and AlF3 for Discovery of Battery Coatings, The Journal of 12	
  
Physical Chemistry C, 2013, 117, 8009-8013. 13	
  

(38)  S. C. Jung and Y.-K. Han. How Do Li Atoms Pass through the Al2O3 Coating Layer during Lithiation in Li-ion Batteries?, The 14	
  
Journal of Physical Chemistry Letters, 2013, 4, 2681-2685. 15	
  

(39)  G. Kresse and J. Hafner. Ab initio molecular dynamics for liquid metals, Physical Review B, 1993, 47, 558-561. 16	
  
(40)  G. Kresse and J. Furthmüller. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis 17	
  

set, Computational Materials Science, 1996, 6, 15-50. 18	
  
(41)  G. Kresse and J. Furthmuller. Efficient Iterative Schemes for Ab Initio Total-Energy Calculations using a Plane-wave Basis Set, 19	
  

Physical Review B, 1996, 54, 11169-11186. 20	
  
(42)  P. E. Blöchl. Projector augmented-wave method, Physical Review B, 1994, 50, 17953-17979. 21	
  
(43)  G. Kresse and D. Joubert. From ultrasoft pseudopotentials to the projector augmented-wave method, Physical Review B, 1999, 59, 22	
  

1758-1775. 23	
  
(44)  J. P. Perdew and W. Yue. Accurate and simple density functional for the electronic exchange energy: Generalized gradient 24	
  

approximation, Physical Review B, 1986, 33, 8800-8802. 25	
  
(45)  G. Henkelman, B. P. Uberuaga and H. Jónsson. A climbing image nudged elastic band method for finding saddle points and minimum 26	
  

energy paths, The Journal of Chemical Physics, 2000, 113, 9901-9904. 27	
  
(46)  D. Morgan, A. Van der Ven and G. Ceder. Li Conductivity in LixMPO4   (M=Mn, Fe,  Co,  Ni)   Olivine Materials, Electrochemical and 28	
  

Solid-State Letters, 2004, 7, A30-A32. 29	
  
(47)  H.-M. Cheng, F.-M. Wang, J. P. Chu, R. Santhanam, J. Rick and S.-C. Lo. Enhanced Cycleabity in Lithium Ion Batteries: Resulting 30	
  

from Atomic Layer Depostion of Al2O3 or TiO2 on LiCoO2 Electrodes, The Journal of Physical Chemistry C, 2012, 116, 7629-7637. 31	
  
(48)  D. Natali and M. Sampietro. Field-dependent mobility from space-charge-limited current–voltage curves, Journal of Applied Physics, 32	
  

2002, 92, 5310-5318. 33	
  
(49)  X. Li, J. Liu, X. Meng, Y. Tang, M. N. Banis, J. Yang, Y. Hu, R. Li, M. Cai and X. Sun. Significant impact on cathode performance 34	
  

of lithium-ion batteries by precisely controlled metal oxide nanocoatings via atomic layer deposition, Journal of Power Sources, 2014, 35	
  
247, 57-69. 36	
  

(50)  L. A. Riley, S. Van Atta, A. S. Cavanagh, Y. Yan, S. M. George, P. Liu, A. C. Dillon and S.-H. Lee. Electrochemical effects of ALD 37	
  
surface modification on combustion synthesized LiNi1/3Mn1/3Co1/3O2 as a layered-cathode material, Journal of Power Sources, 38	
  
2011, 196, 3317-3324. 39	
  

(51)  J. H. Woo, J. E. Trevey, A. S. Cavanagh, Y. S. Choi, S. C. Kim, S. M. George, K. H. Oh and S.-H. Lee. Nanoscale Interface 40	
  
Modification of LiCoO2 by Al2O3 Atomic Layer Deposition for Solid-State Li Batteries, Journal of The Electrochemical Society, 41	
  
2012, 159, A1120-A1124. 42	
  

(52)  J. W. McPherson, K. Jinyoung, A. Shanware, H. Mogul and J. Rodriguez. Trends in the ultimate breakdown strength of high 43	
  
dielectric-constant materials, Electron Devices, IEEE Transactions on, 2003, 50, 1771-1778. 44	
  

(53)  H. Mehrer, Diffusion in Solids: Fundamentals, Methods, Materials, Diffusion-Controlled Processes. 2007: Springer. 45	
  
(54)  J. Verhoogen. Ionic diffusion and electrical conductivity in quartz American Minerologist, 1952, 37. 46	
  
(55)  I. Encules and B. Iliescu. Cryst. Res. Technol., 1997, 32. 47	
  
(56)  M. D. Groner, F. H. Fabreguette, J. W. Elam and S. M. George. Low-Temperature Al2O3 Atomic Layer Deposition, Chemistry of 48	
  

Materials, 2004, 16, 639-645. 49	
  
(57)  S.-Y. Kim and Y. Qi. Property Evolution of Al2O3 Coated and Uncoated Si Electrodes: A First Principles Investigation, Journal of 50	
  

The Electrochemical Society, 2014, 161, F3137-F3143. 51	
  
(58)  K. Persson, V. A. Sethuraman, L. J. Hardwick, Y. Hinuma, Y. S. Meng, A. van der Ven, V. Srinivasan, R. Kostecki and G. Ceder. 52	
  

Lithium Diffusion in Graphitic Carbon, The Journal of Physical Chemistry Letters, 2010, 1, 1176-1180. 53	
  
(59)  Y. S. Meng and M. E. Arroyo-de Dompablo. First principles computational materials design for energy storage materials in lithium 54	
  

ion batteries, Energy & Environmental Science, 2009, 2, 589-609. 55	
  
(60)  H. Gui-Yang, W. Chong-Yu and W. Jian-Tao. First-principles study of diffusion of Li, Na, K and Ag in ZnO, Journal of Physics: 56	
  

Condensed Matter, 2009, 21, 345802. 57	
  
(61)  C. Arrouvel, S. C. Parker and M. S. Islam. Lithium Insertion and Transport in the TiO2−B Anode Material: A Computational Study, 58	
  

Chemistry of Materials, 2009, 21, 4778-4783. 59	
  
(62)  Y. A. Du and N. A. W. Holzwarth. Mechanisms of Li+ diffusion in crystalline γ- and β-Li3PO4 electrolytes from first principles, 60	
  

Physical Review B, 2007, 76, 174302. 61	
  
(63)  Y. A. Du and N. A. W. Holzwarth. Li Ion Diffusion Mechanisms in the Crystalline Electrolyte γ-Li3PO4, Journal of The 62	
  

Electrochemical Society, 2007, 154, A999-A1004. 63	
  
(64)  Y. A. Du and N. A. W. Holzwarth. Effects of O vacancies and N or Si substitutions on Li+ migration in Li3PO4 electrolytes from first 64	
  

principles, Physical Review B, 2008, 78, 174301. 65	
  
(65)  Y. C. Chen, C. Y. Ouyang, L. J. Song and Z. L. Sun. Electrical and Lithium Ion Dynamics in Three Main Components of Solid 66	
  

Electrolyte Interphase from Density Functional Theory Study, The Journal of Physical Chemistry C, 2011, 115, 7044-7049. 67	
  
(66)  P. Mohan and G. P. Kalaignan. Electrochemical Behaviour of Surface Modified SiO2-Coated LiNiO2 Cathode Materials for 68	
  

Rechargeable Lithium-Ion Batteries, Journal of Nanoscience and Nanotechnology, 2013, 13, 2765-2770. 69	
  



18	
  
	
  

(67)  Y. Fan, J. Wang, Z. Tang, W. He and J. Zhang. Effects of the nanostructured SiO2 coating on the performance of LiNi0.5Mn15O4 1	
  
cathode materials for high-voltage Li-ion batteries, Electrochemica Acta, 2007, 52, 6. 2	
  

(68)  N. Wiberg, Inorganic Chemistry. 2001: Academic Press. 3	
  
(69)  S.-T. Myung, K. Izumi, S. Komaba, Y.-K. Sun, H. Yashiro and N. Kumagai. Role of Alumina Coating on Li−Ni−Co−Mn−O Particles 4	
  

as Positive Electrode Material for Lithium-Ion Batteries, Chemistry of Materials, 2005, 17, 3695-3704. 5	
  
(70)  S. Verdier, L. El Ouatani, R. Dedryvère, F. Bonhomme, P. Biensan and D. Gonbeau. XPS Study on Al2O3- and AlPO4-Coated 6	
  

LiCoO2 Cathode Material for High-Capacity Li Ion Batteries, Journal of The Electrochemical Society, 2007, 154, A1088-A1099. 7	
  
(71)  S. Shi, Y. Qi, H. Li and L. G. Hector. Defect Thermodynamics and Diffusion Mechanisms in Li2CO3 and Implications for the Solid 8	
  

Electrolyte Interphase in Li-Ion Batteries, The Journal of Physical Chemistry C, 2013, 117, 8579-8593. 9	
  
(72)  G. A. Tritsaris, K. Zhao, O. U. Okeke and E. Kaxiras. Diffusion of Lithium in Bulk Amorphous Silicon: A Theoretical Study, The 10	
  

Journal of Physical Chemistry C, 2012, 116, 22212-22216. 11	
  
(73)  A. Laumann, M. Bremholm, P. Hald, M. Holzapfel, K. Thomas Fehr and B. B. Iversen. Rapid Green Continuous Flow Supercritical 12	
  

Synthesis of High Performance Li4Ti5O12 Nanocrystals for Li Ion Battery Applications, Journal of The Electrochemical Society, 2011, 13	
  
159, A166-A171. 14	
  

(74)  B. Ziebarth, M. Klinsmann, T. Eckl and C. Elsässer. Lithium diffusion in the spinel phase Li4Ti5O12 and in the rocksalt phase 15	
  
Li7Ti5O12 of lithium titanate from first principles, Physical Review B, 2014, 89, 174301. 16	
  

(75)  J. Heyd, G. E. Scuseria and M. Ernzerhof. Hybrid Functionals Based on a Screened Coulomb Potential, The Journal of Chemical 17	
  
Physics, 2003, 118, 8207-8215. 18	
  

(76)  J. Heyd, J. E. Peralta, G. E. Scuseria and R. L. Martin. Energy band gaps and lattice parameters evaluated with the Heyd-Scuseria-19	
  
Ernzerhof screened hybrid functional, The Journal of Chemical Physics, 2005, 123, 174101-8. 20	
  

(77)  C. G. Van de Walle and A. Janotti. Advances in electronic structure methods for defects and impurities in solids, Physica Status Solidi 21	
  
(b), 2011, 248, 19-27. 22	
  

(78)  M.-J. Zheng, N. Swaminathan, D. Morgan and I. Szlufarska. Energy barriers for point-defect reactions in 3C-SiC, Physical Review B, 23	
  
2013, 88, 054105. 24	
  

(79)  W. Tang, E. Sanville and G. Henkelman. A grid-based Bader analysis algorithm without lattice bias, Journal of Physics: Condensed 25	
  
Matter, 2009, 21, 084204. 26	
  

(80)  S.-k. Lin, C.-k. Yeh, B. Puchala, Y.-L. Lee and D. Morgan. Ab initio energetics of charge compensating point defects: A case study on 27	
  
MgO, Computational Materials Science, 2013, 73, 41-55. 28	
  

(81)  R. M. Jacobs, J. H. Booske and D. Morgan. Intrinsic Defects and Conduction Characteristics of Sc2O3 in Thermionic Cathode 29	
  
Systems, Physical Review B, 2012, 86, 054106-1-10. 30	
  

(82)  R. M. Jacobs, D. Morgan and J. H. Booske. in Vacuum Electron Sources Conference (IVESC), 2012 IEEE Ninth International. 2012. 31	
  
(83)  A. F. Kohan, G. Ceder, D. Morgan and C. G. Van de Walle. First-principles study of native point defects in ZnO, Physical Review B, 32	
  

2000, 61, 15019. 33	
  
(84)  C. G. Van de Walle and J. Neugebauer. First-principles calculations for defects and impurities: Applications to III-nitrides, Journal of 34	
  

Applied Physics, 2004, 95, 3851-3879. 35	
  
(85)  S. Lany and A. Zunger. Accurate prediction of defect properties in density functional supercell calculations, Modelling and simulation 36	
  

in materials science and engineering, 2009, 17. 37	
  
(86)  J. M. Polfus, T. S. Bjorheim, T. Norby and R. Haugsrud. Nitrogen defects in wide band gap oxides: defect equilibria and electronic 38	
  

structure from first principles calculations, Physical Chemistry Chemical Physics, 2012, 14, 11808-11815. 39	
  
(87)  A. Janotti and C. G. Van de Walle. LDA  +  U and hybrid functional calculations for defects in ZnO, SnO2, and TiO2, physica status 40	
  

solidi (b), 2011, 248, 799-804. 41	
  
(88)  F. Oba, A. Togo, I. Tanaka, J. Paier and G. Kresse. Defect energetics in ZnO: A hybrid Hartree-Fock density functional study, 42	
  

Physical Review B, 2008, 77, 245202. 43	
  
(89)  D. König, R. Scholz, D. R. T. Zahn and G. Ebest. Band diagram of the AlF3⁄SiO2⁄Si system, Journal of Applied Physics, 2005, 97, -. 44	
  
(90)  J. Robertson and B. Falabretti. Band offsets of high K gate oxides on III-V semiconductors, Journal of Applied Physics, 2006, 100, 45	
  

014111-8. 46	
  
(91)  M. W. Wang, J. O. McCaldin, J. F. Swenberg, T. C. McGill and R. J. Hauenstein. Schottky-­‐based band lineups for refractory 47	
  

semiconductors, Applied Physics Letters, 1995, 66, 1974-1976. 48	
  
(92)  N. M. Asl, S. S. Cheah, J. Salim and Y. Kim. Lithium-liquid battery: harvesting lithium from waste Li-ion batteries and discharging 49	
  

with water, RSC Advances, 2012, 2, 6094-6100. 50	
  
(93)  A. Le Bail and F. Calvayrac. Hypothetical AlF3 crystal structures, Journal of Solid State Chemistry, 2006, 179, 3159-3166. 51	
  
(94)  Y.-R. Chen, V. Perebeinos and P. B. Allen. Density-functional study of the cubic-to-rhombohedral transition in α-AlF3, Physical 52	
  

Review B, 2004, 69, 054109. 53	
  
(95)  L. L. Boyer, M. J. Mehl and D. Finkenstadt. Structural distortions in AlF3: A test for density-functional methods, Physical Review B, 54	
  

2007, 75, 132103. 55	
  
(96)  A. A. Sokol, A. Walsh and C. R. A. Catlow. Oxygen interstitial structures in close-packed metal oxides, Chemical Physics Letters, 56	
  

2010, 492, 44-48. 57	
  
(97)  M. Causà, R. Dovesi, C. Pisani and C. Roetti. Electronic structure and stability of different crystal phases of magnesium oxide, 58	
  

Physical Review B, 1986, 33, 1308-1316. 59	
  
(98)  J. D. McCullough and K. N. Trueblood. The crystal structure of baddeleyite (monoclinic ZrO2), Acta Crystallographica, 1959, 12, 60	
  

507-511. 61	
  
(99)  C. Jiang, X.-Y. Liu and K. E. Sickafus. First-principles prediction of the thermodynamic stability of xenon in monoclinic, tetragonal, 62	
  

and yttrium-stabilized cubic ZrO2, Physical Review B, 2011, 83, 052103. 63	
  
(100)  P. Campone, M. Magliocco, G. Spinolo and A. Vedda. Ionic transport in crystalline SiO2: The role of alkali-metal ions and hydrogen 64	
  

impurities, Physical Review B, 1995, 52, 15903-15908. 65	
  
(101)  M. Yoshio, R. J. Brodd and A. Kozawa, Lithium-Ion Batteries: Science and Technologies. 2009: Springer. 66	
  
(102)  M. S. Whittingham. Lithium Batteries and Cathode Materials, Chemical Reviews, 2004, 104, 4271-4302. 67	
  
(103)  D. Kramer and G. Ceder. Tailoring the Morphology of LiCoO2: A First Principles Study, Chemistry of Materials, 2009, 21, 3799-68	
  

3809. 69	
  



19	
  
	
  

(104)  X. Zhang, I. Belharouak, L. Li, Y. Lei, J. W. Elam, A. Nie, X. Chen, R. S. Yassar and R. L. Axelbaum. Structural and Electrochemical 1	
  
Study of Al2O3 and TiO2 Coated Li1.2Ni0.13Mn0.54Co0.13O2 Cathode Material Using ALD, Advanced Energy Materials, 2013, 3, 2	
  
1299-1307. 3	
  

(105)  H. Deng, I. Belharouak, C. S. Yoon, Y.-K. Sun and K. Amine. High Temperature Performance of Surface-Treated 4	
  
Li1.1  (  Ni0.15Co0.1Mn0.55  )  O1.95 Layered Oxide, Journal of The Electrochemical Society, 2010, 157, A1035-A1039. 5	
  

(106)  H. B. Kim, B. C. Park, S. T. Myung, K. Amine, J. Prakash and Y. K. Sun. Electrochemical and thermal characterization of AlF3-6	
  
coated Li[Ni0.8Co0.15Al0.05]O2 cathode in lithium-ion cells, Journal of Power Sources, 2008, 179, 347-350. 7	
  

(107)  Y. Cho and J. Cho. Significant Improvement of LiNi0.8Co0.15Al0.05O2 Cathodes at 60  °  C by SiO2 Dry Coating for Li-Ion Batteries, 8	
  
Journal of The Electrochemical Society, 2010, 157, A625-A629. 9	
  

(108)  Y. K. Sun, J. M. Han, S. T. Myung, S. W. Lee and K. Amine. Significant improvement of high voltage cycling behavior AlF3-coated 10	
  
LiCoO2 cathode, Electrochemistry Communications, 2006, 8, 821-826. 11	
  

 12	
  

	
  13	
  

	
   	
  14	
  





34	
  
	
  

 1	
  
Fig.	
  AII-­‐2	
  Interstitial	
  lithium	
  ion	
  migration	
  in	
  m-­‐ZrO2.	
  Geometric	
  presentation	
  of	
  the	
  possible	
  migration	
  pathways	
  in	
  m-­‐ZrO2	
  (a)	
  and	
  (b).	
  CI-­‐NEB	
  energetic	
  2	
  
profiles	
  for	
  the	
  migration	
  pathways	
  are	
  presented	
  in	
  (c).	
  3	
  

 4	
  

 5	
  

 6	
  

 7	
  

 8	
  

 

1 

2 

3 

4 

5 

6 

7 

8 

1/ 

2/ 

3/ 

4/ 

5/ 

6/ 

7/ 

8/ 

(a)  

3 
3/ 3/ 

3 

(b) 

(c ) 

(c ) 

Li  O Zr  

Short 3-3/ Long 3-3/ 



35	
  
	
  

 1	
  

Fig.	
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Appendix	
  III:	
  Estimates	
  of	
  Al2O3	
  Coating	
  Resistivities	
  from	
  Previous	
  Experiments	
  1	
  

 2	
  
This appendix describes how we estimate the resistivity of the am-Al2O3 coating from previous Atomic Layer 3	
  
Deposition (ALD) experiments. The coating is assumed to behave as an Ohmic resistor in series with an Ohmic 4	
  
resistance for the rest of the system.  These assumptions yield the following expression for the voltage and current 5	
  
density relationship: 6	
  
 7	
  
V =V0 + RsystemSsystemJactive + ρcoatingLcoatingJactive                                      (AIII-1) 8	
  
	
  9	
  
where V is the applied voltage (or measured voltage) in the external circuit, V0 is the open circuit voltage, Rsystem is the 10	
  
total resistance of the system without the coating, Ssystem is the effective area of the system (without the coating) that 11	
  
current flows through, Jactive is the current density through the coating layer, which is given per unit area of coating on 12	
  
the portion of the cathode surface active for Li-intercalation, ρcoating is the resistivity of the coating and Lcoating is the 13	
  
thickness of the coating. In the following analysis we obtain V, Jactive and Lcoating by fitting to published experimental 14	
  
measurements. We assume Rsystem, Ssystem and ρcoating are the intrinsic properties of the system and they don’t change with 15	
  
the Jactive and Lcoating variation for a given study.  Starting from a set of V, Jactive and Lcoating values, linear fitting to V as a 16	
  
function Jactive and Lcoating is performed to obtain the coefficients V0, RsystemSsystem and ρcoating. The intercept of the fit 17	
  
determines V0, and the coefficients of Jactive and LcoatingJactive provide the values of RsystemSsystem and ρcoating, respectively. 18	
  
For two of the references we fit (Ref. [47] and Ref. [51]), the charging/discharging rate for the experimental capacity-19	
  
voltage plots was held fixed. Holding the charging/discharging rate fixed makes the RsystemSsystemJactive term a constant 20	
  
for different coating thicknesses. Therefore, when we do the linear fitting for Ref. [47] and Ref. [51], we combine the 21	
  
RsystemSsystemJactive term and V0 term together and define V1 = V0 + RsystemSsystemJactive, and the intercept of the fit 22	
  
determines V1. This V1 is the open circuit voltage of the cathode plus the overpotential of the system resistance (without 23	
  
coating) and, for modest currents, should be qualitatively similar to the value of open circuit voltage of the cathode 24	
  
material. 25	
  
      To obtain the current density through the coating layer during the charging/discharging process we assume that the 26	
  
total current is uniformly flowing through an area of coating equal to the surface area of the cathode active for Li 27	
  
intercalation. We will assess both this active cathode surface area and its ratio to the geometric cathode disk surface 28	
  
area, as the latter is useful for determining current densities per unit active surface area from current densities given per 29	
  
unit geometric area. To help clarify these relationships we provide the relevant equations and definitions in Eq. (AIII-2): 30	
  
 31	
  
Jgeom = I cathode geometric surface area = I Ageom
Jactive = I cathode surface area active for Li intercalation = I Aactive
Jgeom Jactive = Aactive Ageom = β

 (AIII-2) 32	
  

Here, Jgeom is the current density per unit geometric surface area of the cathode, Jactive (also defined above) is the current 33	
  
density per unit surface area of the cathode active for Li intercalation, Ageom is the geometric surface area of the cathode 34	
  
disk, Aactive is the surface area of the cathode active for Li intercalation, I is the total current flowing through the battery, 35	
  
and β is the unitless active surface area to geometric surface ratio.  We wish to determine Jactive for a typical C-rate and 36	
  
also β so we can easily transform Jgeom (which is often provided in papers) to Jactive.  37	
  
 To determine Jactive we will consider 1 C rate current density through the coating, a value that can then be easily 38	
  
scaled to any C rate. To determine β we will then compare our Jactive value with a previous experimentally reported 1 C 39	
  
rate Jgeom and use Eq. (AIII-2). For our analysis we use LixCoO2 as the relevant cathode material because the 40	
  
experimental references that we used to fit resistivities choose either LixCoO2 or Lix(Ni1/3Mn1/3Co1/3)O2 (which we 41	
  
approximate as similar to LixCoO2) in their work. We will assume the average radius of a primary cathode particle is ~1 42	
  
µm for typical commercial LixCoO2.[57,101] A 1 C rate means the charging/discharging time is 1 hour[49,101] and we 43	
  
will assume that this refers to LixCoO2 being charged to about 140 mAh/g, or about 0.5 Li/Co, which is common 44	
  
practice to avoid phase changes and instability of the electrode.[102] We will assume that only the fraction of LixCoO2 45	
  
consisting of non-basal plane regions is active for Li transport, as Li cannot transport through the basal plane[103]. 46	
  
Based on previous DFT simulation work,[103] about ~50% of the total surface area is basal plane and 50% not basal 47	
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plane.  By considering a 1µm particle with half its surface area active and capacity of 140 mAh/g we can use the density 1	
  
(5.05 g/cm3) and molar mass (97.87 g/mol) of crystalline Lix=1CoO2 to estimate the current density through the active 2	
  
surface of the particle at a 1C rate to be about Jactive=0.046 mA/cm2. For each experiment below, we use either this 3	
  
value or closely related arguments to those just given to estimate Jactive.  4	
  
      For Ref. [49] and Ref. [50] discussed below we will make use of the active surface area to geometric surface ratio β 5	
  
to determine Jactive. . Here we describe how the two surface areas and their ratio are determined. The geometric surface 6	
  
area of the tested cells is easy to obtain. Both references used CR-2032 cells. Although these two references didn’t 7	
  
provide information on the cathode disk size, we obtained information about cathode disk size from other papers using 8	
  
similar CR-2032 coin cells. Specifically, other similar studies reported a geometric area of the cathode disk, Ageom, of 2 9	
  
cm2 [104], 1.6cm2 [105], and 1.27cm2 [29]. Here we choose the median number and set Ageom = 1.6cm2. To obtain the 10	
  
active surface area for the cathodes in Ref. [49] and Ref. [50], we can use the geometric arguments given above, but we 11	
  
need to know the amount of the active cathode material used in their experiments. However, the authors did not provide 12	
  
their active cathode material weight. We therefore estimate the weight they used based on typical cathode weights in 13	
  
commonly used protocols for CR-2032 coin cells.  A literature search resulted in active cathode material weights for 14	
  
CR-2032 coin cell experiments of 5.1 mg[106], 5.14 mg[29], 5.8 mg[104], 19.7 mg[107] (this reference actually used a 15	
  
CR-2016 coil cell, but as the only difference is the thickness of the assembled cell we expect this to have a small impact 16	
  
on the total active material used), and 20 mg [108]. Based on these values from previous experiments, we find that the 17	
  
range of the cathode material weight is about 5~20mg. The average of the above five numbers is 11mg. We will use this 18	
  
number in the following estimation of β. Using the values discussed above (cathode particle radius of 1µm and 19	
  
Lix=1CoO2 density of 5.05 g/cm3) we predict the normalized specific surface area of the cathode particles to be 0.6 m2/g. 20	
  
This number is also consistent with the value reported in Ref. [101] of 0.6 m2/g, which was obtained from BET 21	
  
measurement. Considering that 50% of the total surface is non-basal plane, the normalized active surface area for Li 22	
  
transport is 0.3 m2/g. From this value we estimate the active cathode surface area of a typical CR-2032 cell to be 23	
  
3000(cm2/g) x 0.011 (g) = 33 cm2. So, the active surface area to geometric surface ratio β is 33 (cm2)/1.6(cm2) = 21. We 24	
  
will use this β value in the fitting work for Ref. [49] and [50].  25	
  
 The fits in this section are clearly quite approximate, with errors introduced both from the approximate methods of 26	
  
extracting the published data, determining Jactive and β, and lack of rigorous Ohmic behavior of the contributions 27	
  
assigned to the coating. In general, as data for each coating thickness originates from a different sample and in some 28	
  
cases the coating thickness can be very small, extracting the coating resistance is highly uncertain. All studies are for 29	
  
Al2O3 ALD coated cathodes and therefore we assume the coating material is similar and at least nominally am-Al2O3.  30	
  
These values therefore give a useful range for qualitative guidance on the effective resistance provided by ALD am-31	
  
Al2O3 coatings measured to date. The set of all resistivity values are summarized in Table AIII-1 and the details of 32	
  
fitting for each data set are given below. 33	
  
	
  34	
  

Table AIII-1. Summary of all resistivity data from previous experimental measurements used in the linear fitting. 35	
  

 36	
  
References Resistivity (charge) MΩm Resistivity (discharge) MΩm 

Cheng et al. Ref. [47] 7.8±0.22 15.4±1.3 

Li et al. Ref. [49] 913±243 N/A 

Riley et al. Ref. [50] 55 N/A 

Woo et al. Ref. [51] 375±24 708.3±24.1 

 37	
  

Fitting details for Ref. [47]  38	
  

The data from this reference was extracted from the dQ/dV vs. V plots at different coating thicknesses, and the current 39	
  
density is fixed at 0.2C rate. As discussed above, the Jactive corresponding to 1C rate is 0.046mA/cm2. So the Jactive 40	
  
corresponding to 0.2C rate is 0.0092 mA/cm2. The voltage values of the dQ/dV peaks are taken to be the measured 41	
  
voltage V in the linear fits. Due to the use of a constant current in the experiment we are forced to combine the 42	
  
RsystemSsystemJactive term and V0 term together and use V1 = V0 + RsystemSsystemJactive as the y-axis intercept of the fit, as 43	
  
discussed previously. 44	
  
 45	
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 1	
  

Table AIII-2  Potential V (applied voltage in the external circuit), current density Jactive and thickness L extracted from Ref. [47] and the 2	
  
corresponding fitting results. Here we define the discharging current to be negative and charging current to be positive. 3	
  

 4	
  
Discharging process 

Potential (V) Jactive (mA/cm2) Thickness (nm) Fitting result 

3.885 -0.0092 2.5 ρcoating± standard error σ 
(MΩm) V1 ±standard error σ (V) 

3.867 -0.0092 12.5 15.4±1.3  3.88±0.008 

3.831 -0.0092 25 coefficient of 
determination R2 0.986 

3.706 -0.0092 125 
 5	
  

Charging process 

Potential (V) Jactive (mA/cm2) Thickness (nm) Fitting result 

3.971 0.0092 2.5 ρcoating± standard error σ 
(MΩm) 

 
V1 ±standard error σ (V) 

3.981 0.0092 12.5 7.8±0.22   
3.97±0.0013 

3.991 0.0092 25 coefficient of 
determination R2 0.998 

4.061 0.0092 125 
                                                      6	
  

 7	
  

The coating overpotential (|V – V1|) versus the |LcoatingJactive| is shown in Fig. AIII-1. 8	
  

 9	
  
Fig.	
  AIII-­‐1	
  Overpotential	
  of	
  the	
  coating	
  (|V	
  –	
  V1|)	
  vs.	
  |LcoatingJactive|.	
  The	
  slope	
  corresponds	
  to	
  the	
  coating	
  resistivity.	
  10	
  

 11	
  

Based on our fitting to the data from Ref. [47], we can see that the resistivity of the am-Al2O3 coating is 7.8±0.22 MΩm 12	
  
(1 MΩm = 106 Ωm) and 15.4±1.3 MΩm fitted from charging and discharging processes, respectively. 13	
  
 14	
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 1	
  

Fitting details for Ref. [49]  2	
  

The data from this reference were extracted from the cyclic voltammogram plots at different coating thicknesses. The 3	
  
voltage values of the I-V curve peaks are taken to be the measured voltage V in the linear fits. To calculate the Jactive 4	
  
corresponding to the I-V peaks, we take the total current values I of the peaks directly from the original figures. As the 5	
  
author used CR-2032 type coin cell, we take the geometric surface area Ageom = 1.6 cm2 and the active surface area to 6	
  
geometric surface ratio β = 21, based on our previous discussions. Based on these values, we can calculate Jactive and 7	
  
perform the Ohmic linear fitting.  8	
  
 9	
  

Table AIII-3 Potential V (applied voltage in the external circuit), total current I, current density Jactive and thickness L extracted from Ref. [49] 10	
  
and the corresponding fitting results. 11	
  

 12	
  
Discharging process 

Potential (V) total current I 
(mA) 

Jactive 
(mA/cm2) 

Thickness 
(nm) Fitting result 

3.77 -0.368 -0.011 0.264 ρcoating± standard error σ 
(MΩm) 

RsystemSsystem ± standard 
error σ (MΩcm2) 

V0 ±standard 
error σ (V) 

3.615 -0.384 -0.0114 0.66 2619±1224  0.078± 0.031 4.73±0.4 

3.8 -0.288 -0.0086 1.32 coefficient of 
determination R2 0.88 

3.8 -0.122 -0.0036 6.6 

 13	
  

Charging process 

Potential (V) total current I 
(mA) 

Jactive 
(mA/cm2) 

Thickness 
(nm) Fitting result 

4.12 0.7 0.0208 0.264 ρcoating± standard error σ 
(MΩm) 

RsystemSsystem ± standard 
error σ (MΩcm2) 

V0 ±standard 
error σ (V) 

4.25 0.82 0.0244 0.66 913±243  0.00077± 0.0046 4.06±0.13 

4.29 0.667 0.0199 1.32 coefficient of 
determination R2 0.977 

4.45 0.21 0.0063 6.6 

 14	
  
 15	
  

We do not use the fitting results from the discharging data because the overpotential does not change as expected from 16	
  
our simple model. First, the overpotential does not change linearly with thickness in a robust manner. More 17	
  
significantly, if we compare the third or the fourth data point to the first data point, we can see that the potential V 18	
  
actually increases when the coating thickness increases, which is contrary to our expectation that a thicker coating 19	
  
causes a larger overpotential, leading to a decrease in the measured voltage V. Therefore, we only use the charging 20	
  
process experimental data to fit the coating resistivity. 21	
  
 22	
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 1	
  
Fig.	
  AIII-­‐2	
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  |LcoatingJactive|.	
  The	
  slope	
  corresponds	
  to	
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  coating	
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  2	
  

 3	
  

Therefore, based on the fitting work of Ref. [49], the resistivity of the am-Al2O3 coating is 913±243 MΩm for the 4	
  
charging process.  5	
  
 6	
  

Fitting details for Ref. [50]  7	
  

The data from this reference were extracted from the cyclic voltammogram plots at different coating thicknesses. The 8	
  
voltage values of the I-V curve peaks are taken to be the measured voltage V in the linear fits. To calculate the Jactive 9	
  
corresponding to the I-V peaks, we read the total current values I of the peaks directly from the original figures. As the 10	
  
author used CR-2032 type coin cell, we know the geometric surface area Ageo=1.6cm2. We use the active surface area to 11	
  
geometric surface ratio β = 21 determined above. We can then calculate the Jactive values and perform the required linear 12	
  
fitting.  13	
  
 14	
  
In Ref. [50], the discharging data have a similar problem with Ref. [49], as there are two data points whose voltage do 15	
  
not go down when the coating thickness increases, which is contrary to our expectation for the discharging process. 16	
  
Therefore, we only fit the experimental data of the charging process. There is one outlier point in the charging data and 17	
  
we exclude that point during the fitting. 18	
  
  19	
  

Table AIII-4 Potential V (applied voltage in the external circuit), total current I, current density Jactive and thickness L extracted from Ref. [50] 20	
  
and the corresponding fitting results. 21	
  

 22	
  
Charging process 

Potential (V) total current I 
(mA) 

Jactive 
(mA/cm2) 

Thickness 
(nm) Fitting result 

3.9 1.1 0.0327 0 ρcoating (MΩm) RsystemSsystem (MΩcm2) V0 (V) 

3.91 0.88 0.026 0.8 55 0.00017 3.89 

3.92 1.03 0.0307 1.2  

 23	
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We do not have standard error and coefficient of determination R2 in this case because we only have three data points 1	
  
from the Ref. [50] measurement, and in Eq. AIII-1 there are three parameters to fit. The am-Al2O3 resistivity based on 2	
  
the measurement of Ref. [50] is 55 MΩm. 3	
  
 4	
  

 5	
  

Fitting details for Ref. [51] 6	
  

The data from this reference were extracted from the voltage-capacity plots at different coating thicknesses. The point 7	
  
with the largest slope of dQ/dV gives us the measured voltage V in the linear fits. In this work the charging and 8	
  
discharging current is fixed at the geometric current density of Jgeom= 0.045 mA/cm2. The geometric surface area of the 9	
  
cell used in the experiment is Ageom=1.33 cm2. The active LiCoO2 cathode material in the cell is 3.77 mg. Based on the 10	
  
analysis above we take the specific surface area of LiCoO2 cathode particles active for Li transport as 0.3 m2/g. So the 11	
  
total active surface area is Aactive=3000(cm2/g) x 0.00377(g) =11.31cm2. Thus we can calculate the Jactive= Jgeomx 12	
  
Ageom/Aactive = 0.045(mA/cm2) x 1.33(cm2) / 11.31(cm2) = 0.0053 mA/cm2. Due to the use of a constant current in the 13	
  
experiment we are forced to combine the RsystemSsystemJactive term and V0 term together and use V1 = V0 + RsystemSsystemJactive 14	
  
as the y-axis intercept of the fit, as discussed previously. 15	
  
 16	
  

Table AIII-5 Potential V (applied voltage in the external circuit), geometric current density Jgeom, active current density Jactive and thickness L 17	
  
extracted from Ref. [51] and the corresponding fitting results. 18	
  

 19	
  
Discharging process 

Potential (V) Jgeom 
(mA/cm2) 

Jactive 
(mA/cm2) 

Thickness 
(nm) Fitting result 

3.86 -0.045 -0.0053 0 ρcoating± standard error 
σ (MΩm) 

V1 ±standard 
error σ (V) 

3.852 -0.045 -0.0053 0.23 708.3±24.1 3.86±0.0004 

3.843 -0.045 -0.0053 0.46 coefficient of 
determination R2 0.999 

 20	
  

Charging process 

Potential (V) Jgeom 
(mA/cm2) 

Jactive 
(mA/cm2) 

Thickness 
(nm) Fitting result 

3.961 0.045 0.0053 0 ρcoating± standard error 
σ (MΩm) 

V1 ±standard 
error σ (V) 

3.965 0.045 0.0053 0.23 375±24 3.96±0.0004 

3.97 0.045 0.0053 0.46 coefficient of 
determination R2 0.996 

 21	
  
 22	
  
So the resistivity of am-Al2O3 coating is 375±24 MΩm and 708.3±24.1 MΩm for the charging process and discharging 23	
  
process, respectively. 24	
  
 25	
  
 26	
  
 27	
  
 28	
  
 29	
  
 30	
  
 31	
  
 32	
  
 33	
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