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ABSTRACT:  We  have  reinvestigated  the  polyanionic  compound  Na2Fe2(C2O4)3� 2H2O,  previously  reported  to  be  electro-‐
chemically   inactive   in   lithium-‐ion  batteries   (LIBs),   as   a  positive   electrode   for   sodium-‐ion  batteries   (NIBs).  The  present  
study  demonstrates   that   it   is   capable   of   delivering   a   reversible   capacity   close   to   its   theoretical   value   (117  mAhg–1)  with  
three  redox  plateaus  at  2.9,  3.3  and  3.6  V  vs.  Na/Na+  in  the  potential  range  1.7–4.2  V.  The  obtained  energy  density  of  326  
WhKg–1  is  among  the  highest  of  all  reported  polyanionic  cathodes  in  NIBs.  The  origin  of  the  electrochemical  activity  can  
be   traced  back   to   the  electronic   structure  of   the   compound  and   the   low  migration  energy  barrier  of   the  alkali   ion  ob-‐
served  in  first-‐principles  density-‐functional  theory  calculations.  

I.  INTRODUCTION  
The  demand  for  large-‐scale  storage  of  electricity  generat-‐
ed   from   renewable   sources   such  as  wind  and   solar   is   at-‐
tracting  ever-‐increasing  attention.  Among  the  alternatives  
are  those  which  employ  batteries;  despite  the  overwhelm-‐
ing  role  of  lithium-‐ion  batteries  (LIBs)  in  portable  devices,  
they  are  unlikely  to  dominate  the  grid  storage  sector  due  
to   the   low   abundance   and   high   cost   of   lithium   sources.  
Sodium-‐ion  batteries  (NIBs)  provide  an  attractive  alterna-‐
tive   thanks   to   the   high   abundance,   wide   and   even   geo-‐
graphic  distribution,  and  resemblance  to  lithium  (second  
lightest   alkali   element   in   periodic   table).1   Increasing   ef-‐
forts  have  been  devoted  to  build  efficient  NIBs  with  opti-‐
mization   of   energy   density,   high   safety   as   well   as   long-‐
term  durability.2–3  In  terms  of  transition  metal,  iron  is  the  
most  desirable  redox  center  due  to  its  low  cost,  low  toxici-‐
ty   and   electrochemical   activity.   As   a   result,   several   Fe-‐
based   cathodes   have   been   investigated.   The   simple   lay-‐
ered  oxide  phases   (counterparts   to   commercial   cathodes  
in   LIBs),   including   O3-‐type   NaFeO2

4   and   P2-‐type  
Na(Fe0.5Mn0.5)O2,

5–6   suffer   from   limited   cycling   stability.  
In   this   sense,   polyanion-‐based   compounds   may   provide  
higher  and  tunable  operating  potentials  due  to  the  induc-‐
tive   effect,   as  well   as   robust   and   therefore   stable   frame-‐
works   due   to   strong   covalent   bonds.   Examples   are  
Na2FePO4F,

7–8   NaFePO4,
9   Na2FeP2O7,

10  
Na4Fe3(PO4)2(P2O7),

11   NaFe3(HPO3)9,
12   NaFe(PO3)3,

13  
Na2Fe2(SO4)3,

14  NaFe(SO4)2,
15  and  Na2FeC2O4F2.

16  

As  demonstrated  by  our  previous  work,16  transition  metals  
in   oxalates   display   redox   potentials   lower   than   those   of  
sulfates   but   comparable   to   those   of   phosphates,   which  
reflects  the  electronegativity  of  (SO4)

2–  >(C2O4)
2–  >(PO4)

3–.  

  
Figure   1.  Structure  of  Na2Fe2(C2O4)3� 2H2O  viewed  along  the  
a-‐axis.  FeO6  octahedra  are  shown  in  green. 

We   observed   that   among   the   oxalates   that   have   been  
characterized   electrochemically,   all   are   reported   to   be  
active   except   Na2Fe2(C2O4)3� 2H2O.17–19   This   compound  
was  originally  reported  as  a  magnetic  material  due  to  the  
oxalate-‐provided   spin   exchange  pathway   for   the   3d   elec-‐
trons  of  iron.20–21  In  2015,  Tarascon’s  group  tested  the  elec-‐
trochemical  performance  in  LIBs,  and  reported  negligible  
electrochemical  activity.  In  detail,  an  experimental  capac-‐
ity   of   35  mAhg–1  was   obtained   at   an   average  potential   of  
3.3  V  vs.  Li/Li+  between  2.0  and  4.2  V  at  a  rate  of  C/10.  In  
addition,  Mössbauer   spectroscopy   showed   essentially   no  
oxidized  iron  in  the  charged  state.  As  reported  previously,  
the   structure   features   one   dimensional   chains   along   the  
a-‐axis   as   shown   in   Figure   1,   which   provide   a   relatively  
loosely-‐bonded   environment   and   an   unrestricted  migra-‐
tion  path  for  Na+.  Therefore  we  reinvestigated  the  electro-‐
chemical   properties   of   this   material   in   sodium   cells.   By  
contrast  with  the  previously  published  results   from  lithi-‐
um  cells,  it  displayed  a  capacity  approaching  the  theoreti-‐
cal  value  (117  mAhg–1),  with  high  potential  redox  processes  



 

at  2.9,  3.3,  and  3.6  V,  and  excellent  cyclability  when  used  
as   positive   electrode   in   NIBs.   The   Mössbauer   spectra  
clearly   showed   oxidized   iron,   which   is   also   consistent  
with   the   features   of   the   electronic   structure  of   the   com-‐
pound  observed  in  first-‐principles  calculations.    

II.  EXPERIMENTS  
2.1  Synthesis  and  characterization  

Single  crystals  of  the  title  compound  were  synthesized  by  
a   hydrothermal   method.   Typically,   as-‐obtained  
FeCl2� 2H2O,  H2C2O4� 2H2O,  Na2CO3  were  mixed   in   a   tef-‐
lon-‐lined   autoclave   in   the   ratio   of   2:3:4   (1   for   5   mmol),  
with  2  mL  H2O  added  as  solvent.  The  autoclave  was  heat-‐
ed  at  160°C  for  three  days  and  then  cooled  in  air.  The  re-‐
sulting   products   were   repeatedly   washed   with   distilled  
water   and   acetone   and   dried   at   60°C.   Powder  X-‐ray   dif-‐
fraction  (XRD)  patterns  were  recorded  on  a  Stoe  STADI/P  
diffractometer   operating   in   either   transmission  mode   or  
Debye-‐Scherrer  mode  with  Fe  Kα1  radiation  (λ  =   1.936  Å)  
in   the   2θ   range   10°–90°.   Scanning   electron   microscopy  
(SEM)  images  of  prepared  samples  were  taken  on  a  JEOL  
JSM-‐6700F   equipped   with   a   field   emission   gun   (FEG)  
electron  source.  Secondary  electron  images  were  recorded  
with  a  tungsten  filament  electron  source  using  an  acceler-‐
ating  voltage  of  5  kV  for  the  hand  ground  pristine  sample,  
and   15   kV   for   ball-‐milled   cathode   samples.  A   retractable  
backscattered   electron   detector   was   applied   for   atomic  
number  contrast  imaging.  
2.2  Electrochemistry  
The  material   was  mixed   with   Ketjenblack   carbon   in   the  
weight   ratio  of  2:1   for  30  minutes  using  a  Fritsch  Pulver-‐
isette   8  mill.   Subsequently   the   powder  was   ground  with  
binder   (poltetrafluoroethylene,   PTFE,   10%   by   wt.)   until  
homogeneous  and  pressed  into  pellets  containing  6–8  mg  
active   material.   These   were   fabricated   in   coin   cells  
(CR2325,  NRC  Canada)   in  an  Ar-‐filled  glove  box  with  Na  
metal  as  anode,  1  M  NaClO4  in  propylene  carbonate  with  
3%  fluoroethylene  carbonate  as  electrolyte.    

Half   cells  were   then   tested   by   galvanostatic   cycling   over  
various   potential   windows   at   rates   of   5,   10   or   20   mAg–1  
using  a  Biologic  Macpile  II  system.  Cells   for  ex  situ  char-‐
acterization  in  the  charged  or  discharged  state  used  larger  
amounts   of   active   material   and   Kynar   Flex   2801   (a   co-‐
polymer   based   on   PVDF)   as   binder.   The   electrode   was  

then  removed   in  an  Ar-‐filled  glove  box,  washed  with  dry  
dimethyl   carbonate   (DMC)   and   dry   THF   and   dried   by  
slow  evaporation.  
2.3  Mössbauer  spectra  

Room   temperature  Mössbauer   spectra  were   recorded   on  
absorbers   prepared   under   argon   (coffee-‐bags).   Each   ab-‐
sorber   contains   30–40  mg/cm²   active  material   recovered  
by   washing   with   dimethyl   carbonate   (DMC).   The   spec-‐
trometer   is   operating   in   the   constant   acceleration   trans-‐
mission  geometry.  The  γ-‐ray  source  (57Co/Rd,  850  MBq)  is  
maintained  at  room  temperature.  The  isomer  shift  scale  is  
calibrated   using   pure   α-‐Fe   standard.   The   obtained   data  
are   fitted  using   least-‐squares  method  and  a  combination  
of  Lorentzian  lines  with  MOSFIT  program.  
2.4  First-‐principles  calculations  

The  calculations  were  based  on  density-‐functional  theory  
within   the   generalized-‐gradient   approximation22   and   the  
projector-‐augmented   wave  method,23   as   implemented   in  
the   Vienna   Ab   Initio   Simulation   Package   (VASP).24   We  
applied   the   on-‐site  Hubbard   correction25   with   the   effec-‐
tive  U   value   of   4.0   eV   on   the   Fe   3d   states;   the   van   der  
Waals  correction  was  included  using  Grimme's  method.26  
For   the   total-‐energy   calculations   of  Na2Fe2(C2O4)3� 2H2O,  
we   used   a   Γ-‐centered   6×2×5   k-‐point   mesh;   a   denser,  
7×3×6,  k-‐point  mesh  is  used  in  calculations  to  obtain  elec-‐
tronic  densities  of  states.  The  migration  of  Na  (and  Li)  in  
the   material   was   studied   using   2×1×2   (224-‐atom)   super-‐
cells   and   the   climbing-‐image  nudged  elastic  band   (NEB)  
method.27  In  all  calculations,  the  energy  cutoff  was  set  at  
500  eV  and  spin  polarization  was  included.  

III.  RESULTS  AND  DISCUSSION  
Crystalline  samples  were  prepared  by  mild  hydrothermal  
synthesis.   The   orange   crystallites   were   easily   separated  
from  colorless   byproducts   via  washing  with  distilled  wa-‐
ter.  Both  single  crystal  and  powder  XRD  were  carried  out  
on   the   dried   sample.   The   cell   parameters   obtained   from  
sin  gle  crystal  XRD  agreed  well  with  reported  values  (Sup-‐
porting   Information,  Table  S1).20–21  Rietveld   refinement  of  
the  powder  XRD  pattern  of   a   hand-‐ground   sample   (Fig-‐
ure   2(a))   revealed   that   the   sample   is   isostructural   with  
that   determined   from   low   temperature   (–100°C)   single  
crystal   XRD,   with   small   expansions   along   all   crystallo  
  

  
Figure  2.  Characterization  of  Na2Fe2(C2O4)3� 2H2O.  (a)  Rietveld  refinement  of  room  temperature  powder  XRD  on  a  pristine  sam-‐
ple.  P21/c  space  group,  a  =  5.9117(1)  Å,  b  =  15.7838(2)  Å,  c  =  7.0832(1)  Å  ,  β  =  100.338(4)°,  wRp=0.0556,  Rp=0.043,  χ

2=1.58.  (b)  Room  
temperature  Mössbauer  spectrum  and  (c)  SEM  image  of  ball-‐milled  sample  with  conductive  carbon.  



 

graphic   directions.   The   refinement   also   confirmed   that  
the  sample  was  of  high  purity.  

The   hydrothermally   obtained   pristine   material   was   ball  
milled  with  Ketjenblack  carbon  to  improve  the  electronic  
conductivity  of  the  pure  sample  and  to  reduce  the  particle  
size.  Figure  2(b)  displays   the  Mössbauer  spectrum  of   the  
aforementioned   composite.   It   is   shown   that   the   iron   is  
mostly   (95%)   present   in   a   unique   environment   with   an  
isomer   shift   of   1.20  mm/s,   a   quadrupole   splitting   (D)   of  
1.04  mm/s  and  a  linewidth  (G)  of  0.26  mm/s,  suggesting  a  
high  spin  Fe2+  in  octahedral  coordination  (Table  S2).  The  
slight   asymmetry  of   the   spectrum   is  due   to   a  minor  Fe3+  
component   (d   =   0.35  mm/s,  G=   0.48  mm/s).19   The   trace  
amount  of  impurity  was  probably  due  to  surface  oxidation  
during   ball-‐milling   or   a   slight   loss   of   sodium   (non-‐
stoichiometry).   The   morphology   of   the   ball-‐milled   mix-‐
ture  was   checked  by   SEM,   as   shown   in   Figure   2(c).  This  
verified   that   the   target   compound  was  well   dispersed   in  
Ketjenblack   carbon,   with   an   average   size   of   1   µm.   The  
powder  XRD  pattern  of  the  ball-‐milled  composite  showed  
significant   peak   broadening   compared   with   the   hand  
ground  material   (Figure   S1),   confirming   that   ball-‐milling  
diminished  crystallite  size  effectively.  
Figure   3(a)   displays  galvanostatic   voltage  profiles   in   the  
voltage  window  of  1.7–4.2  V  at  rates  of  C/20,  C/10  and  C/5.  
Notably,   a   capacity   of   116.6   mAhg–1   was   obtained   when  
applying   a   current   of   5  mAg–1,   which   is   almost   equal   to  
the   theoretical   capacity   (117  mAhg–1)   and   corresponds   to  
an   energy   density   of   326   Whkg–1.   Meanwhile,   84%   and  
76%  of  theoretical  capacity  were  obtained  for  the  rates  of  
C/10  and  C/5,  respectively.  Figure  3(b)  shows  the  capacity  
retention  for  the  first  30  cycles  at  a  rate  of  10  mAg–1.  It  can  

be   seen   that   the   capacity   increases   slightly  over   the   first  
few   cycles,   before   stabilizing.  The   increase   of   capacity   is  
probably   a   result   of   an   electrochemical   grinding   effect  
resulting  in  improved  electronic  conductivity  in  the  elec-‐
trode.  This  is  supported  by  a  progressive  reduction  in  the  
cell  polarization  as  a   function  of   cycle  number  as   shown  
by  load  curves  (Figure  S2).  Similar  phenomena  have  been  
observed  in  several  other  electrode  materials.28–29  After  25  
cycles,   the   discharge   capacity   remained   at   100   mAhg–1,  
corresponding   to   exchange   of   1.7   Na+   ions   per   formula  
unit,  with  a  Coulombic  efficiency  approaching  100%.  The  
initial   charge-‐discharge   curve   is   rather   smooth   without  
obvious   plateaus.   After   25   cycles,   well-‐defined   processes  
become  apparent,  clearly  displaying  three  plateaus  at  2.9,  
3.3   and   3.6   V,   as   illustrated   in   Figure   3(c).   Such   a   phe-‐
nomenon   is   quite   common   in   battery   materials,   where  
although   there   may   only   be   a   single   cation   site   several  
plateaus   are   observed.   This   can   arise   from   a   variety   of  
reasons   such   as   vacancy   or   charge   ordering.   Examples  
include  LiMn2O4  and  LiCoPO4.

30-‐31   In   this   case   it   appears  
that   the   plateaus   at   3.3   and   3.6V   have   this   origin,   being  
approximately   half   the   length   of   that   at   2.9V.   Unfortu-‐
nately   the   low  crystallinity  of   this  material  precludes  de-‐
tailed  structural  analysis.  

In   order   to   understand   the   redox   mechanism   of  
Na2Fe2(C2O4)3� 2H2O,   recovered   electrodes   charged   to  
4.2V  and  discharged  to  2.0  V  were  subjected  to  Mössbauer  
spectroscopy.   The   spectrum   from   the   charged   sample   is  
depicted  in  Figure  3(d).  It  is  shown  that  the  charged  ma-‐
terial  contains  predominantly  oxidized  Fe3+  (red),  26%  of  
unreacted   Fe2+   corresponding   to   the   pristine   material

  
Figure  3.  Half-‐cell  performance  of  Na2Fe2(C2O4)3� 2H2O  in  NIB.  (a)  Galvanostatic  voltage  profiles  in  the  voltage  range  of  1.7–4.2  V  
at  rates  of  C/20,  C/10  and  C/5.  (b)  Capacity  retention  and  Coulombic  efficiency  at  a  cycling  rate  of  10  mAg–1;  (c)  Galvanostatic  
voltage  profiles  at  the  25th  cycle.  (d–e)  Mössbauer  spectra  of  4.2  V-‐charged  and  2.0  V-‐discharged  cathode.  Green,  blue,  red,  and  
pink  stands  for  Fe2+  in  original  and  new  site,  and  Fe3+  of  oxidized  and  in  impurity,  respectively.  Red  line  in  (e)  is  shifted  to  make  
it  clearer.  (f)  Differential  capacity  plots  of  the  initial  20  cycles.  



 

  (green)   and   a   small   amount   of   a   new   Fe2+   environment  
(blue).   The   unreacted   Fe2+   (green)   is   readily   understood  
in   terms   of   the   difference   between   theoretical   capacity  
and  the  value  obtained  at  a  rate  of  10  mAg–1.  The  new  Fe2+  
environment  may  arise  as  a  result  of  altering  the  Fe2+  en-‐
vironment   during   sodium   extraction.   Figure   3(e)   shows  
the   spectrum   after   charge   and   subsequent   discharge   to  
2.0   V,   revealing   that  most   of   the   oxidized   Fe3+   has   been  
reduced  to   its   initial   state.  The   initial   impurity  spectrum  
remained   unchanged   in   both   charged   and   discharged  
materials  (Table  S2).  

Detailed  examination  of  the  differential  galvanostatic  pro-‐
file,  as  shown  in  Figure  3(f)  reveals  a  progressive  evolution  
and   sharpening   of   the   oxidation/reduction   peaks   with   a  
concomitant   reduction   in   cell   polarization.   The   rather  
indistinct   features  of   the  first   few  cycles  resolve   into  dis-‐
charge  processes  at  2.9  V,  3.3  V,  and  3.6  V,  with  a  cell  po-‐
larization  of  around  0.1  V;  all  peaks  are  stabilized  after  20  
cycles.  It  is  clear  that  the  cell  went  through  a  continuous  
slow   reaction   over   initial   20   cycles.   Such   a   progressive  
change   could   be   caused   either   by   an   electrochemically-‐
driven   phase   transition   (structural   rearrangements)   as  
observed   in   LiMnO2,

32   Li2FeSiO4,
33–34   Li2FeP2O7,

35–36   and  
Na2Fe2(SO4)3,

37   or  be   the   result  of   electrochemical   grind-‐
ing.  

In   order   to   test   these   two   possibilities,   ex   situ   powder  
XRD  and  SEM  were  performed  on  the  stabilized  charged  
and   discharged   cathodes.   Cells   were   subjected   to   20   cy-‐
cles   in   the   potential   window   of   1.7–4.2   V   at   a   rate   of   10  
mAg–1,   followed   by   charge/discharge   at   a   current   of  
5mAg–1,  in  order  to  allow  complete  desodiation/sodiation.  

Figure  4(a)  shows  the  PXRD  pattern  of  the  charged  sam-‐
ple  compared  with  that  of  the  pristine  sample.  The  obvi-‐
ous  differences  are  reduced  peak  intensity  at  17.54°,  30.87°  
and  31.45°,  as  highlighted  by  green  shading.  The  blue  lines  
correspond   to   a   calculated   PXRD   pattern   for  
“Fe2(C2O4)3� 2H2O”   derived   from   removal   of   the   Na-‐site  
from  the  original  Na2Fe2(C2O4)3� 2H2O  structure.  It  is  clear  
that  the  change  of  experimental  PXRD  corresponds  to  the  
removal  of  a  significant  proportion  of  the  Na  in  the  struc-‐
ture   without   significant   framework   rearrangement.  
Rietveld   refinement   was   also   conducted   on   the   charged  
sample  (Figure  S3).  While  the  detailed  structure  could  not  
be   determined   as   a   consequence   of   the   low   crystallinity  
induced   by   ballmilling,   a   satisfactory   fit   was   obtained,  
revealing  a  notable  lattice  contraction.  SEM  images,  both  
secondary   electron   image   (SEI)   and   back   scattered   elec-‐
tron   image   (BSE),   are   displayed   in   Figures   4(b–c).   BSE  
gives   a   clearer  overview  of   the  dispersed   title   compound  
in  amorphous  carbon  than  the  SEI.  The  PXRD  pattern  of  
the   discharged   sample   can   be   readily   refined   by   the  
Rietveld   method   using   the   original   structural   model,   as  
displayed  in  Figure  4(d).  This  is  consistent  with  the  reten-‐
tion   of   two   water   molecules   in   the   structure.   Since   the  
water   has   an   integral   bridging   role   in   the   structure,   the  
excellent   cycling   stability   shown   in   Figure   3(b)   provides  
further  circumstantial  evidence  that  the  water  is  retained  
on  cycling.  Corresponding  SEM  images  are  shown  in  Fig-‐
ure   4(e–f).   These   ex   situ   powder   XRD   results   eliminate  
the  possibility  of  an  electrochemically-‐driven  phase  tran-‐
sition.    

  
Figure  4.  Characterization  of  after  cycling  in  the  charged  and  discharged  state.  (a)  PXRD,  (b)  Secondary  electron  image  (SEI),  (c)  
Back  scattered  electron  image  (BSE)  for  charged  cathode;  (d)  Rietveld  refinement  of  PXRD  on  discharged  material.  P21/c  space  
group,  a  =  5.9114(2)  Å,  b  =  15.7857(6)  Å,  c  =  7.0843(3)  Å,  β  =  100.328(3)°,  wRp  =  0.0628,  Rp  =  0.049,  χ2  =  2.057.  (e)  SEI,  (f)  BSE  for  
discharged  cathode.  



 

  
Figure   5.  Half-‐cell   performance  of  Na2Fe2(C2O4)3� 2H2O   in  NIB   in   various   voltage  windows.   (a)  Galvanostatic   and  differential  
galvanostatic  voltage  profiles  in  the  window  of  1.7–3.9  V;  (b)  Capacity  retention  for  different  voltage  windows;  (c)  Rate  capability  
of  Na2Fe2(C2O4)3·∙2H2O  at  various  current  densities  in  the  window  of  1.7-‐4.2  V.  

Cells  were  also  charged  to  different  cut-‐off  voltages  of  3.6  
V  and  3.9  V.  As  shown  in  Figure   5(a–b),   this  delivered  a  
stable   capacity   of   60  mAhg–1   up   to   3.9  V   and   40  mAhg–1  
with  an  upper  voltage  limit  of  3.6  V.  

In   order   to   further   understand   the   origin   of   the   electro-‐
chemical   activity   in   Na2Fe2(C2O4)3� 2H2O,   we   carried   out  
first-‐principles   calculations   for   both   the   title   compound  
and   the   hypothetical   end-‐compound   Fe2(C2O4)3� 2H2O  
where  all  Na  are  removed  from  the  unit  cell.  We  find  that  
both  compounds  are  stable  after  structural  optimization.  
The  calculated  lattice  parameters  are  a  =  5.97  Å,  b  =  15.41  
Å,  c  =  7.03  Å,  and  β  =  99.08°,  in  good  agreement  with  the  
experimental   values.   The   optimized   structure   of  
Fe2(C2O4)3� 2H2O   still	   possesses   the   monoclinic   space  
group   P21/c   with   the   lattice   parameters   a   =   5.92   Å,   b   =  
15.72  Å,   c  =  6.59  Å,   and  β  =   107.29°.  The   results   are  con-‐
sistent  with  the  XRD  experiments  discussed  above  show-‐
ing   that   the  structure  does  not   significantly  change  after  
Na   removal.  We   find   that   iron   in   the   title   compound   is  
stable   as  high-‐spin  Fe2+   (with   a   calculated  magnetic  mo-‐
ment  of  3.77  μB)  whereas  in  the  desodiated  one  it  is  high-‐
spin  Fe3+  (4.29  μB),  in  agreement  with  the  Mössbauer  iso-‐
mer   shift.   In   both   compounds,   the   ferromagnetic   (FM)  
and   antiferromagnetic   (AF)   spin   configurations   are   al-‐
most  degenerate  in  energy.  More  specifically,  the  AF  con-‐
figuration  in  Na2Fe2(C2O4)3� 2H2O  is  lower  in  energy  than  
the  FM  one  by  7  meV  per   formula  unit  (f.u.),  whereas   in  
Fe2(C2O4)3� 2H2O,  AF  is  lower  than  FM  by  32  meV/f.u.  
Figure   6   shows   the   electronic   density   of   states   of  
Na2Fe2(C2O4)3� 2H2O  and  Fe2(C2O4)3� 2H2O  in  the  AF  spin  
configuration.   The   sodiated   and   desodiated   compounds  
have  calculated  band  gaps  of  2.34  eV  and  2.10  eV,  respec-‐
tively.  We  focus  on  the  nature  of  the  electronic  structure  
near  the  band  edges  as  it  provides  information  about  the  
intrinsic  extraction  and  (re-‐)insertion  mechanism.38  It  can  
be  seen  from  the  figure  that  the  top  of  the  valence  band  of  
Na2Fe2(C2O4)3� 2H2O   is   predominantly   composed   of   the  
highly   localized   Fe   3d   states,  whereas   the   bottom  of   the  
conduction   band   is   predominantly   C   and   O   2p   states.  
Since   Na   extraction   from   the   NIB   cathode   involves   re-‐
moving   electrons   from   the   highest   occupied   states,   the  
electronic   structure   indicates   that   this   process   occurs  
through  oxidation  at  the  Fe2+  sites.  The  valence-‐band  top  

of  Fe2(C2O4)3� 2H2O  is,  on  the  other  hand,  predominantly  
C  and  O  2p  states,  whereas  the  conduction-‐band  bottom  
is  predominantly  the  unoccupied  Fe  3d  states.  As  Na  (re-‐
)insertion   involves   adding   electrons   to   the   lowest   unoc-‐
cupied   states,   this   process   occurs   through   reduction   at  
the   Fe3+   sites.   These   results   are   thus   consistent  with   the  
observed  Fe3+/Fe2+  reversible  redox  reactions.  The  average  
redox  potential   is   calculated   to  be  3.89  V  vs  Na  between  
Na2Fe2(C2O4)3� 2H2O   and   Fe2(C2O4)3� 2H2O,   well   within  
the  voltage  range  shown  in  Fig.  3(a).  We  note  that  the  Li  
analog   of   Na2Fe2(C2O4)3� 2H2O   has   a   similar   electronic  
structure,   suggesting   that   the  material   can   also   be   elec-‐
trochemically   active;   the   calculated   redox   potential   be-‐
tween  Li2Fe2(C2O4)3� 2H2O  and  Fe2(C2O4)3� 2H2O  is  3.88  V  
vs  Li.  

  
Figure  6.  Total  and  projected  electronic  density  of  states  
of  Na2Fe2(C2O4)3� 2H2O  and  the  (hypothetical)  desodiated  
end  compound  Fe2(C2O4)3� 2H2O.  The  zero  of   the   energy  
(at  0  eV)  is  set  to  the  highest  occupied  state.  

The  migration  of  Na   in  Na2Fe2(C2O4)3� 2H2O  was   studied  
by  considering  the  movement  of  a  VNa

–  vacancy  (the  void  
formed  by  the  removal  of  a  Na+   ion)   from  one  Na   lattice  
site  to  another  or,  equivalently,  the  movement  of  the  Na+  
ion  in  the  opposite  direction.  Figure  7  shows  two  possible  
migration  paths  for  VNa

–:  one  is  along  the  1–2–3  Na  zigzag  
chains   (c-‐axis)   and   the   other   involves   the   4–1   segment.  
Using  the  NEB  method,  the  energy  barriers  were  estimat-‐
ed  to  be  0.40  eV  for  the  1-‐2–3  path  and  1.22  eV  for  the  4–1  



 

path.  The  migration  of  Na   in   the   title   compound   is   thus  
effectively  along  the  c-‐axis  with  a  migration  barrier  com-‐
parable  to  those  previously  calculated  for  Li  migration  in  
olivine-‐type  LiFePO4

39
  and  LiMn2O4  spinel.

40  For  compari-‐
son,   Li   migration   in   the   Li   analog,   Li2Fe2(C2O4)3� 2H2O,  
was  studied  in  the  same  manner  and  the  barrier  was  esti-‐
mated  to  be  0.41  eV  (along  1–2–3)  or  1.05  eV  (along  4–1).    

  
Figure   7.   Possible   Na   migration   paths   in  
Na2Fe2(C2O4)3� 2H2O.  

We   also   explored   the   possibility   of   forming   Fe   antisite  
defects   in   the   material   that   could,   in   principle,   end   up  
blocking   Na   migration   along   the   c-‐axis.   However,   the  
formation   energy   of   the   Fe/Na   antisite   defect   pair,   i.e.,  
FeNa

+–NaFe
–  (Fe2+  at  the  Na+  site  and  Na+  at  the  Fe2+  site)  in  

Na2Fe2(C2O4)3� 2H2O  was  found  to  be  rather  high,  1.12  eV,  
in  calculations  using  2×1×2  supercells,  suggesting  that  the  
concentration  of   the   antisite   defects   could  be  negligible.  
For  comparison,  the  formation  energy  of  the  Fe/Li  antisite  
pair,  i.e.,  FeLi

+–LiFe
–,  in  Li2Fe2(C2O4)3� 2H2O  was  calculated  

to   be   0.41   eV,   even   lower   than   that   of   the   Fe/Li   antisite  
pair   in  LiFePO4   (0.51   eV).

39  The  concentration  of   the  an-‐
tisites   in   the  Li  analog   is   thus  expected  to  be  significant,  
especially   if   the  material   is  prepared  directly  using  high-‐
temperature  methods.  The  low  energy  in  the  case  of  Fe/Li  
can  be  ascribed  to  the  comparable  ionic  radii  of  Li+  (0.76  
Å)  and  high-‐spin  Fe2+  (0.78  Å).  It  remains  to  be  seen  if  the  
antisite  defects  can  also  form  during  cycling  in  LIBs.  

IV.  CONCLUSION  
In   conclusion,   an   iron-‐based   oxalate   compound  
Na2Fe2(C2O4)3� 2H2O  has  been  shown  to  be  electrochemi-‐
cally  active  as  a  positive  electrode  material  in  NIBs.  It  de-‐
livered  a  stable  capacity  approaching  the  theoretical  value  
(117  mAhg–1)  when  cycled  in  the  range  1.7–4.2  V  at  an  ap-‐
plied   current   of   5   mAg–1.   Mössbauer   spectroscopy   and  
first-‐principles   calculations   confirmed   the   redox   activity  
of   the   material,   in   contrast   to   the   behavior   exhibited  
when  cycled  in  lithium-‐ion  batteries.  The  title  compound  
exhibits  an  energy  density  as  high  as  326  Whkg–1,  which  is  
among  the  best  iron-‐based  polyanionic  cathodes  for  NIBs.  
Therefore,   the   present   study   offers   a   promising   cathode  
material   for  NIBs  which   is   inherently   low-‐cost   and   envi-‐
ronmentally  friendly.  
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