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X-­‐ray	
  reflectivity	
  analysis	
  

	
   Figure	
   S1	
   presents	
   typical	
   X-­‐ray	
   reflectivity	
   (XRR)	
   spectra	
   of	
   the	
   (010)	
   and	
   (001)	
  

films,	
  acquired	
   in	
  air	
  using	
  a	
   thin-­‐film	
  X-­‐ray	
  diffractometer	
  (ATX-­‐G,	
  CuKα1).	
  The	
  spectra	
  are	
  

plotted	
  as	
  a	
  function	
  of	
  the	
  scattering	
  vector,	
  Qz	
  =	
  4π(sinθ)/λ,	
  where	
  λ	
  is	
  the	
  wavelength	
  of	
  the	
  

X-­‐rays	
   (1.541	
   Å)	
   and	
   θ	
   is	
   the	
   incident	
   angle.	
   The	
   thickness	
   of	
   each	
   film	
  was	
   estimated	
   by	
  

applying	
   the	
   Fourier	
   transform	
   technique	
   to	
   these	
   X-­‐ray	
   reflectivity	
   curves.	
   The	
   thickness,	
  

density	
  and	
  roughness	
  of	
   the	
   films	
  were	
  refined	
  using	
   the	
  Parratt32	
  data	
  analysis	
  program,	
  

with	
   reflectivity	
   values	
   calculated	
  using	
  Parratt’s	
  method.1	
  A	
   four-­‐layer	
  model	
   composed	
  of	
  

the	
  SrTiO3	
  substrate,	
  an	
  interfacial	
  layer	
  between	
  the	
  SrTiO3	
  and	
  the	
  Li2RuO3,	
  the	
  Li2RuO3	
  film	
  

and	
  a	
  surface	
  layer	
  provided	
  the	
  best	
  fits	
  to	
  the	
  reflectivity	
  curves	
  and	
  the	
  fitting	
  parameters	
  

are	
  summarized	
  in	
  Table	
  S1.	
  The	
  surface	
  layer	
  was	
  found	
  to	
  have	
  a	
  density	
  of	
  approximately	
  2	
  

g	
  cm-­‐3,	
  significantly	
  lower	
  than	
  that	
  of	
  the	
  Li2RuO3	
  layer	
  (ca.	
  5.1	
  g	
  cm-­‐3).	
  Low	
  density	
  surface	
  

impurity	
  phases	
  such	
  as	
  Li2CO3	
  (ρ	
  =	
  2.1	
  g	
  cm-­‐3)	
  and	
  LiOH	
  (ρ	
  =	
  1.5	
  g	
  cm-­‐3)	
  are	
  often	
  formed	
  on	
  

lithium	
  intercalation	
  materials	
  due	
  to	
  surface	
  reactions	
  with	
  the	
  moisture	
  and	
  carbon	
  dioxide	
  

in	
   the	
   surrounding	
   air.2-­‐5	
   The	
   low	
   density	
   of	
   the	
   surface	
   layer	
   therefore	
   suggests	
   the	
  

formation	
   of	
   one	
   or	
   more	
   of	
   these	
   impurity	
   phases	
   on	
   the	
   bare	
   Li2RuO3	
   electrode.	
   No	
  

significant	
  differences	
  in	
  density	
  and	
  roughness	
  were	
  observed	
  between	
  the	
  (010)	
  and	
  (001)	
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films.	
   In	
   addition,	
   the	
   results	
   of	
   analyses	
   of	
   films	
   with	
   different	
   thicknesses	
   indicated	
   that	
  

there	
  was	
  no	
  significant	
  correlation	
  between	
  the	
  film	
  thickness	
  and	
  the	
  density	
  or	
  roughness.	
   	
  

	
  
Figure	
  S1.	
  XRR	
  spectra	
  and	
  simulated	
  curves	
  for	
  (a)	
  (010)	
  and	
  (b)	
  (001)	
  films.	
  The	
  insets	
  
show	
  simulation	
  models.	
  
	
  

Table	
  S1.	
  XRR	
  analysis	
  results	
  for	
  (010)	
  and	
  (001)	
  films.	
   	
  

	
   Thickness,	
  t	
  (nm)	
   Density,	
  d	
  (g	
  cm-­‐3)	
   Roughness,	
  r	
  (nm)	
  

(a)	
  Li2RuO3(010)	
  film	
  
Surface	
  layer	
   2.3	
   2.02	
   0.6	
  
Li2RuO3	
   23.7	
   5.19	
   2.0	
  

Interphase	
   4.3	
   4.79	
   1.8	
  
SrTiO3	
  substrate	
   -­‐	
   5.12	
   2.2	
  
(b)	
  Li2RuO3(001)	
  film	
  

Surface	
  layer	
   3.0	
   1.92	
   0.6	
  
Li2RuO3	
   24.3	
   5.10	
   2.1	
  
Interphase	
   5.2	
   4.79	
   2.1	
  

SrTiO3	
  substrate	
   -­‐	
   5.12	
   2.2	
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Thickness	
  dependence	
  of	
  cell	
  parameters	
   	
  

	
   Figure	
  S2	
  shows	
  the	
  variations	
  in	
  the	
  d	
  values	
  of	
  the	
  004	
  and	
  060	
  peaks	
  of	
  the	
  (010)	
  

and	
   (001)	
   films	
   with	
   film	
   thickness.	
   The	
   values	
   of	
   the	
   004	
   and	
   060	
   peaks	
   are	
   distributed	
  

within	
  the	
  ranges	
  of	
  2.38–2.44	
  Å	
  and	
  1.46–1.48	
  Å,	
  respectively.	
  These	
  results	
  also	
  support	
  our	
  

finding	
  that	
  there	
  is	
  no	
  significant	
  effect	
  of	
  film	
  thickness	
  on	
  the	
  Li2RuO3	
  thin	
  films.	
  Hence,	
  the	
  

(010)	
   and	
   (001)	
   films	
   provide	
   a	
   two-­‐dimensional	
   reaction	
   field	
   suitable	
   for	
   modeling	
   the	
  

lattice	
  plane	
  dependence	
  of	
  electrode	
  reactions.	
   	
   	
  

	
  

Figure	
   S2.	
   Thickness	
  dependence	
  of	
  d	
   values	
  of	
   (a)	
  004	
  and	
   (b)	
  060	
  peaks	
  of	
  Li2RuO3	
   thin	
  
films.	
  Filled	
  symbols	
  in	
  each	
  figure	
  indicate	
  data	
  obtained	
  for	
  films	
  after	
  annealing.	
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Bulk	
  structure	
  change	
  of	
  the	
  (010)	
  film	
  along	
  in-­‐plane	
  direction	
  

	
   Figure	
   S3	
   shows	
   the	
   XRD	
   pattern	
   of	
   the	
   in-­‐plane	
   202	
   diffraction	
   peak	
   for	
   a	
   61.6	
  

nm-­‐thick	
   Li2RuO3(010)	
   film	
   after	
   electrochemical	
   cycling.	
   	
   The	
   charge/discharge	
   test	
   was	
  

performed	
  using	
  a	
  coin-­‐type	
  cell,	
  and	
  then	
  the	
  cell	
  was	
  disassembled.	
   	
   The	
  film	
  was	
  washed	
  

in	
  ethanol	
  solution,	
  and	
  the	
  in-­‐plane	
  XRD	
  pattern	
  was	
  collected	
  in	
  air	
  using	
  an	
  incident	
  angle	
  

of	
  0.36°	
  which	
   is	
  higher	
   than	
   the	
  critical	
  angle	
  of	
  Li2RuO3.	
   	
   The	
  penetration	
  depth	
  of	
  X-­‐ray	
  

(Cu-­‐Kα)	
  was	
  calculated	
   to	
  be	
  57	
  nm	
  at	
   the	
   incident	
  angle,	
  which	
   indicates	
   that	
   the	
   in-­‐plane	
  

XRD	
   pattern	
   corresponds	
   to	
   the	
   structural	
   change	
   throughout	
   the	
   film.	
   	
   No	
   additional	
  

diffraction	
  peak	
  was	
  observed	
  except	
  for	
  the	
  202	
  peak	
  of	
  Li2RuO3.	
   	
   This	
  result	
  confirms	
  that	
  

no	
   irreversible	
   phase	
   transition	
   occurred	
   along	
   the	
   in-­‐plane	
   direction	
   at	
   the	
   Li2RuO3(010)	
  

bulk	
  during	
  the	
  electrochemical	
  reactions.	
   	
   This	
  supports	
  that	
  the	
  irreversible	
  phase	
  change	
  

of	
  the	
  (010)	
  film	
  detected	
  by	
  the	
  in	
  situ	
   in-­‐plane	
  XRD	
  measurements	
  occurred	
  at	
  the	
  surface	
  

region	
  (Figs.	
  5	
  and	
  6),	
  because	
  the	
  XRD	
  patterns	
  were	
  collected	
  using	
  low	
  incident	
  angles	
  of	
  

X-­‐rays	
  below	
  the	
  critical	
  angle	
  of	
  Li2RuO3.	
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Figure	
  S3	
  XRD	
  pattern	
  of	
  the	
  in-­‐plane	
  202	
  diffraction	
  peak	
  for	
  a	
  61.6	
  nm-­‐thick	
  Li2RuO3(010)	
  

film	
  after	
  electrochemical	
  cycling.	
   	
   	
  

	
  

Lithium	
  diffusion	
  pathways	
  in	
  Li2RuO3	
   	
  

Figure	
  S4	
  shows	
  the	
  possible	
  diffusion	
  pathways	
  of	
  lithium	
  in	
  the	
  ab	
  plane	
  and	
  along	
  

the	
  c	
   axis	
   in	
  Li2RuO3	
  with	
   the	
  C2/c	
   space	
  group.	
  The	
  (010)	
   film	
  has	
   two-­‐dimensional	
   [LiO6]	
  

and	
   [(Li,Ru)O6]	
   layers	
  perpendicular	
   to	
   the	
   electrolyte,	
  which	
  has	
   an	
   interlayer	
   Li	
   diffusion	
  

pathway	
  between	
  the	
  octahedral	
  4e	
   sites	
   through	
  the	
   interstitial	
   tetragonal	
  8f	
   site	
   in	
   the	
  ab	
  

plane.	
  In	
  contrast,	
  the	
  (001)	
  film,	
  in	
  which	
  these	
  layers	
  are	
  parallel	
  to	
  the	
  electrolyte,	
  has	
  the	
  

Li	
  diffusion	
  pathway	
  through	
  the	
  [LiO6]	
  and	
  [(Li,Ru)O6]	
  slabs	
  along	
  the	
  c	
  axis.	
  The	
  lithium	
  ions	
  

diffuse	
   from	
   the	
   octahedral	
   4e	
   sites	
   in	
   the	
   [LiO6]	
   layer	
   to	
   the	
   octahedral	
   4d	
   sites	
   in	
   the	
  

[(Li,Ru)O6]	
  layer	
  through	
  the	
  interstitial	
  tetragonal	
  8f	
  site.	
  The	
  interstitial	
  LiO4	
  tetrahedra	
  and	
  

the	
  LiO6	
  octahedra	
  share	
  their	
  faces	
  in	
  the	
  ab	
  plane	
  and	
  along	
  the	
  c	
  direction.	
  The	
  sizes	
  of	
  the	
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bottlenecks	
  associated	
  with	
  lithium	
  diffusion	
  in	
  the	
  ab	
  plane	
  and	
  along	
  the	
  c	
  axis	
  are	
  4.03	
  Å2	
  

and	
  3.68	
  Å2,	
  respectively,	
  based	
  on	
  calculations	
  using	
  the	
  crystal	
  structure	
  of	
  polycrystalline	
  

Li2RuO3.6	
  The	
  larger	
  opening	
  available	
  for	
  lithium	
  diffusion	
  along	
  the	
  ab	
  plane	
  as	
  compared	
  to	
  

along	
   the	
   c	
   axis	
   therefore	
   leads	
   us	
   to	
   expect	
   faster	
   lithium	
   diffusion	
   in	
   the	
   ab	
   plane.	
   The	
  

anisotropic	
   activation	
   energies	
   of	
   lithium	
   diffusion	
   in	
   the	
   lithium-­‐excess	
   layered	
   material	
  

Li2MnO3,	
  with	
  a	
  similar	
  crystal	
  structure	
  to	
  Li2RuO3,	
  have	
  been	
  determined	
  by	
  first-­‐principles	
  

calculations.	
   The	
   results	
   of	
   these	
   calculations	
   confirm	
   the	
   bottleneck	
   evidence,	
   since	
   the	
  

calculated	
   activation	
   energy	
  of	
   lithium	
  diffusion	
   along	
   the	
  ab	
   plane	
   (0.61	
   eV)	
   is	
   lower	
   than	
  

that	
  along	
  the	
  c	
  axis	
  (0.73	
  eV).7	
   	
    

	
  

Figure	
  S4.	
  Possible	
  lithium	
  diffusion	
  pathways	
  in	
  Li2RuO3	
  along	
  the	
  (a)	
  (010)	
  and	
  (b)	
  (001)	
  

directions.	
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