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Abstract	
  

A	
  single	
  species	
  redox	
  flow	
  battery	
  employing	
  a	
  new	
  class	
  of	
  cobalt(II)	
  complexes	
  with	
  ‘tunable’	
  tridentate	
  
azole-­‐pyridine	
  type	
  ligands	
  is	
  reported.	
  	
  Four	
  structures	
  were	
  synthesised	
  and	
  their	
  electrochemical,	
  physical	
  
and	
  battery	
  characteristics	
  were	
  investigated	
  as	
  a	
  function	
  of	
  successive	
  substitution	
  of	
  the	
  ligand	
  terminal	
  
pyridyl	
  donors.	
  The	
  Co(II/I)	
  and	
  Co(III/II)	
  couples	
  are	
  stable	
  and	
  quasi-­‐reversible	
  on	
  gold	
  and	
  glassy	
  carbon	
  
electrodes,	
  however	
  redox	
  potentials	
  are	
  tunable	
  allowing	
  the	
  cobalt	
  potential	
  difference	
  to	
  be	
  
preferentially	
  increased	
  from	
  1.07	
  to	
  1.91	
  V	
  via	
  pyridine	
  substitution	
  with	
  weaker	
  σ-­‐donating/	
  π-­‐accepting	
  
3,5-­‐dimethylpyrazole	
  groups.	
  The	
  charge-­‐discharge	
  properties	
  of	
  the	
  system	
  were	
  evaluated	
  using	
  an	
  H-­‐type	
  
glass	
  cell	
  and	
  graphite	
  rod	
  electrodes.	
  The	
  complexes	
  delivered	
  high	
  Coulombic	
  efficiencies	
  of	
  89.7	
  –	
  99.8	
  %	
  
and	
  very	
  good	
  voltaic	
  efficiencies	
  of	
  70.3	
  –	
  81.0	
  %.	
  Consequently,	
  energy	
  efficiencies	
  are	
  high	
  at	
  63.1	
  –	
  80.8	
  
%,	
  marking	
  an	
  improvement	
  on	
  other	
  similar	
  non-­‐aqueous	
  systems.	
  Modification	
  of	
  the	
  ligands	
  also	
  
improved	
  solubility	
  from	
  0.18	
  M	
  to	
  0.50	
  M	
  via	
  pyridyl	
  substitution	
  with	
  3,5-­‐dimethylpyrazole,	
  though	
  the	
  low	
  
solubility	
  of	
  the	
  complexes	
  limits	
  the	
  overall	
  energy	
  capacity	
  to	
  between	
  2.58	
  to	
  12.80	
  W	
  h	
  L-­‐1.	
  	
  Preliminary	
  
flow	
  cell	
  studies	
  in	
  a	
  simple	
  3D	
  printed	
  flow	
  cell	
  allowed	
  for	
  current	
  densities	
  of	
  1.25	
  mA	
  cm-­‐2	
  to	
  be	
  realised,	
  
though	
  this	
  resulted	
  in	
  capacity	
  fade	
  and	
  loss	
  in	
  efficiencies.	
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1. Introduction	
  

Renewable	
  energy	
  resources	
  such	
  as	
  wind	
  and	
  solar	
  are	
  being	
  increasingly	
  utilised	
  to	
  combat	
  global	
  
energy	
  demand	
  and	
  unsustainable	
  overuse	
  of	
  polluting	
  fossil	
  fuels.[1]	
  As	
  a	
  result,	
  it	
  was	
  recently	
  reported	
  
that	
  renewables	
  accounted	
  for	
  25	
  %	
  of	
  the	
  UK	
  energy	
  production	
  in	
  2016.[2]	
  However,	
  a	
  current	
  lack	
  of	
  
large-­‐scale	
  energy	
  storage	
  in	
  our	
  infrastructure	
  imposes	
  significant	
  limitations	
  on	
  their	
  usage	
  due	
  to	
  their	
  
intermittent	
  nature	
  and	
  weather	
  dependence.	
  Redox-­‐flow	
  batteries	
  (RFB)	
  are	
  considered	
  a	
  promising	
  
candidate	
  for	
  mitigating	
  such	
  limitations	
  as	
  well	
  as	
  adding	
  versatility	
  to	
  our	
  grid	
  systems	
  via	
  load-­‐levelling,	
  
peak-­‐shaving	
  and	
  emergency/	
  back-­‐up	
  power.[3]	
  Unlike	
  conventional	
  batteries	
  that	
  store	
  energy	
  in	
  
electrode	
  materials,	
  RFBs	
  entirely	
  store	
  energy	
  in	
  liquid	
  electrolytes	
  that	
  are	
  stockpiled	
  outside	
  of	
  the	
  cell	
  
stack.	
  As	
  such,	
  RFBs	
  decouple	
  battery	
  power	
  from	
  capacity,	
  allowing	
  either	
  property	
  to	
  be	
  scaled	
  
independently;	
  by	
  increasing	
  the	
  number	
  of	
  cell	
  stacks	
  or	
  the	
  size	
  of	
  the	
  storage	
  tanks,	
  respectively.[4]	
  

Aqueous	
  RFBs,	
  such	
  as	
  the	
  all-­‐vanadium	
  RFB	
  (VRFB)	
  pioneered	
  by	
  Skyllas-­‐Kazacos	
  et	
  al.,[5–7]	
  have	
  
achieved	
  commercial	
  success	
  and	
  have	
  been	
  demonstrated	
  on	
  a	
  megawatt-­‐scale.	
  However,	
  realisation	
  of	
  
wide-­‐spread	
  application	
  is	
  currently	
  hindered	
  by	
  their	
  limited	
  energy	
  density	
  (E),	
  which	
  is	
  a	
  function	
  of	
  the	
  
cell	
  potential	
  (V!"##),	
  active-­‐species	
  concentration	
  (C!"#$%&)	
  and	
  the	
  number	
  of	
  electrons	
  transferred	
  (n).	
  
Given	
  the	
  narrow	
  1.23	
  V	
  electrochemical	
  window	
  of	
  water	
  and	
  the	
  <2	
  M	
  solubility	
  of	
  simple	
  inorganic	
  salts	
  
with	
  one-­‐electron	
  transitions,	
  aqueous	
  RFBs	
  have	
  reached	
  the	
  maximum	
  energy	
  density	
  that	
  can	
  be	
  
reasonably	
  achieved;	
  <33	
  W	
  h	
  L-­‐1.	
  

	
  
E ≈ nV!"##C!"#$%&F 2# 1 	
  

	
  
Non-­‐aqueous	
  redox-­‐flow	
  batteries	
  (NA-­‐RFBs)	
  can	
  in	
  theory	
  achieve	
  higher	
  energy	
  densities	
  than	
  their	
  

aqueous	
  counterparts	
  by	
  employing	
  solvents	
  which	
  are	
  stable	
  over	
  a	
  wider	
  potential	
  range	
  and	
  redox-­‐active	
  
species	
  that	
  offer	
  larger	
  redox	
  potentials	
  and	
  multi-­‐electron	
  transitions.[8]	
  Many	
  different	
  designs	
  have	
  been	
  
investigated	
  to	
  date	
  utilising	
  a	
  wide	
  range	
  of	
  new	
  chemistries	
  and	
  targeted	
  modification.[9]	
  Most	
  
significantly,	
  metallo-­‐organic	
  coordination	
  complexes	
  (MCCs)	
  have	
  featured	
  predominantly	
  in	
  the	
  literature	
  
due	
  to	
  their	
  variable	
  oxidation	
  states	
  which	
  allow	
  single-­‐species	
  battery	
  designs	
  to	
  be	
  produced,	
  akin	
  to	
  the	
  
VRFB,	
  in	
  order	
  to	
  avoid	
  issues	
  with	
  cross-­‐contamination	
  via	
  membrane	
  diffusion.[10,11]	
  As	
  such,	
  the	
  
vanadium	
  tris-­‐acetylacetonate	
  NA-­‐RFB	
  has	
  received	
  considerable	
  attention	
  due	
  to	
  its	
  2.2	
  V	
  cell	
  potential	
  and	
  
reasonable	
  ≈	
  0.6	
  M	
  solubility.[12]	
  However,	
  due	
  to	
  its	
  one-­‐electron	
  design,	
  its	
  energy	
  density	
  is	
  limited	
  by	
  
the	
  [V(acac)3]	
  solubility.	
  	
  

In	
  order	
  for	
  NA-­‐RFBs	
  to	
  realise	
  commercial	
  application,	
  their	
  energy	
  density	
  must	
  be	
  sufficiently	
  high	
  to	
  
offset	
  their	
  capital	
  investment;	
  non-­‐aqueous	
  electrolytes	
  are	
  significantly	
  more	
  expensive	
  than	
  aqueous	
  
electrolytes	
  due	
  to	
  the	
  higher	
  cost	
  of	
  the	
  organic	
  solvents	
  and	
  supporting	
  electrolyte.[13]	
  As	
  such,	
  the	
  redox	
  
active	
  species	
  employed	
  must	
  fully	
  exploit	
  the	
  solvent	
  stability	
  region,	
  possess	
  a	
  high	
  number	
  of	
  electron	
  
transitions	
  and	
  be	
  highly	
  soluble;	
  in	
  order	
  to	
  increase	
  the	
  V!"##,	
  	
  n	
  and	
  C!"#$%&	
  parameters	
  respectively.	
  
Attempts	
  to	
  increase	
  the	
  number	
  of	
  stoichiometric	
  electrons	
  transferred	
  has	
  featured	
  the	
  use	
  of	
  metallo-­‐
organic	
  electrolytes,	
  such	
  as	
  chromium	
  tris	
  bipyridine	
  complexes,[14,15]	
  which	
  undergo	
  distinctive	
  ‘non-­‐
innocent’	
  ligand-­‐centric	
  redox	
  couples	
  in	
  addition	
  to	
  those	
  associated	
  with	
  the	
  metal-­‐centred	
  oxidation	
  
states.[16]	
  Whereas,	
  studies	
  aimed	
  at	
  increasing	
  complex	
  solubility	
  have	
  functionalised	
  the	
  backbones	
  of	
  
simple	
  ligand	
  structures,	
  such	
  as	
  acetylacetonate	
  or	
  bipyridine,	
  with	
  polar	
  moieties	
  that	
  possess	
  more	
  
preferential	
  solvent	
  interactions.[14,17]	
  However,	
  no	
  studies	
  thus	
  far	
  have	
  modified	
  the	
  intrinsic	
  ligand	
  
structure	
  to	
  customise	
  the	
  electrochemistry	
  of	
  the	
  complex,	
  in	
  order	
  to	
  increase	
  the	
  cell	
  potential.	
  

Herein,	
  we	
  examine	
  the	
  electrochemical	
  properties	
  of	
  a	
  class	
  of	
  cobalt(II)	
  complexes	
  with	
  azole-­‐pyridine	
  
ligands	
  and	
  evaluate	
  their	
  applicability	
  for	
  a	
  novel	
  NA-­‐RFB.[18,19]	
  Such	
  complexes	
  contain	
  tridentate	
  ligands	
  



	
   C.	
  Armstrong	
  et	
  al.	
  /	
  Journal	
  of	
  Power	
  Sources	
  (2017)	
   	
  

3	
  
	
  

(bidentate	
  structures	
  are	
  also	
  possible),	
  comprised	
  of	
  pyridine	
  and	
  azole	
  donor	
  groups,	
  that	
  have	
  a	
  ‘tunable’	
  
design.[20]	
  By	
  successive	
  substitution	
  of	
  pyridine	
  donors	
  with	
  weaker	
  electron-­‐donating	
  azole	
  groups,	
  their	
  
coordination	
  chemistry	
  can	
  be	
  modified	
  resulting	
  in	
  significant	
  changes	
  in	
  their	
  electrochemistry.	
  As	
  such,	
  
the	
  cobalt	
  redox	
  potentials	
  can	
  be	
  ‘tuned’	
  to	
  give	
  larger	
  potential	
  differences	
  and	
  hence,	
  we	
  demonstrate	
  
the	
  ability	
  to	
  increase	
  the	
  cell	
  potential	
  of	
  a	
  simple	
  one-­‐electron	
  NA-­‐RFB	
  design	
  by	
  modification	
  of	
  the	
  
intrinsic	
  ligand	
  structure.	
  In	
  addition,	
  depending	
  on	
  their	
  structure,	
  they	
  are	
  also	
  capable	
  of	
  reversible	
  non-­‐
innocent	
  ligand	
  redox	
  couples	
  which	
  may	
  be	
  utilised	
  to	
  create	
  a	
  four-­‐oxidation	
  state,	
  one-­‐electron	
  RFB	
  
design	
  akin	
  to	
  the	
  VRFB	
  with	
  an	
  even	
  larger	
  cell	
  potential.	
  Besides	
  their	
  desirable	
  electrochemical	
  properties,	
  
they	
  are	
  also	
  conveniently	
  synthesised,	
  allowing	
  easy	
  modification	
  of	
  their	
  structure,	
  and	
  possess	
  superior	
  
thermodynamic	
  and	
  kinetic	
  stability	
  compared	
  to	
  previously	
  reported	
  MCCs	
  with	
  bidentate	
  ligands.	
  
Furthermore,	
  cobalt	
  complexes	
  generally	
  have	
  superb	
  electrochemical	
  behaviour,	
  low	
  toxicity	
  and	
  high	
  
abundance,	
  which	
  has	
  resulted	
  in	
  their	
  usage	
  as	
  redox	
  shuttles	
  in	
  dye-­‐sensitized	
  solar	
  cells	
  [21–23]	
  and	
  as	
  
redox	
  species	
  in	
  previous	
  NA-­‐RFB	
  designs.[24–26]	
  

The	
  electrochemistry,	
  battery	
  performance	
  and	
  solubility	
  of	
  each	
  complex	
  was	
  examined	
  as	
  a	
  function	
  of	
  
the	
  successive	
  substitution	
  of	
  the	
  terminal-­‐pyridine	
  groups	
  of	
  2,2’:6’,2’’-­‐Terpyridine	
  with	
  either	
  3,5-­‐
dimethylpyrazole	
  or	
  1,2,4-­‐triazole.	
  

2. Experimental	
  

2.1 	
  Chemicals	
  and	
  reagents	
  

All	
  chemicals	
  were	
  analytical	
  or	
  reagent	
  grade	
  and	
  used	
  as	
  received	
  from	
  the	
  supplier	
  without	
  further	
  
purification.	
  Sigma	
  Aldrich,	
  UK;	
  DMSO	
  (anhydrous,	
  ≥99.9	
  %),	
  CoCl2·∙6H2O	
  (ACS	
  reagent,	
  98	
  %),	
  2,6-­‐
dibromopyridine	
  (98	
  %),	
  KPF6	
  (98	
  %).	
  TCI	
  Europe;	
  1,2,4-­‐triazole	
  (>98.0	
  %),	
  6-­‐bromo-­‐2,2’-­‐bipyridine	
  (>97.0	
  %),	
  
tBuOK	
  (>97.0	
  %),	
  TBA	
  PF6	
  (>98.0	
  %).	
  Fisher;	
  MeCN	
  (Lab	
  reagent	
  grade,	
  >99	
  %),	
  MeOH	
  (Analytical	
  grade,	
  99.99	
  
%).	
  ACROS	
  Organics;	
  MeCN	
  (AcroSeal®,	
  anhydrous,	
  extra	
  dry	
  over	
  molecular	
  sieves,	
  99.9	
  %).	
  Fluka	
  Analytical;	
  
3,5-­‐dimethylpyrazole	
  (Produced	
  by	
  Wacker,	
  ≥99.0	
  %).	
  Alfa	
  Aesar;	
  2,2’:6’,2’’-­‐terpyridine	
  (97	
  %).	
  

	
  

2.2 	
  Synthesis	
  of	
  ligands	
  and	
  cobalt(II)	
  complexes	
  

Complexes	
  1-­‐4	
  were	
  prepared	
  by	
  a	
  simplified	
  procedure	
  based	
  upon	
  the	
  method	
  reported	
  in	
  [19]	
  such	
  
that	
  reactions	
  were	
  not	
  conducted	
  in	
  an	
  inert	
  environment	
  or	
  purified	
  by	
  chromatography	
  (Fig	
  1.).	
  Ligand	
  L1	
  
was	
  purchased	
  whereas	
  ligands	
  L2-­‐L5	
  were	
  synthesised	
  by	
  non-­‐catalysed	
  C-­‐N	
  coupling	
  of	
  3,5-­‐
dimethylpyrazole	
  or	
  1,2,4-­‐triazole	
  with	
  6-­‐bromo-­‐2,2’-­‐bipyridine	
  or	
  2,6-­‐dibromopyridine	
  in	
  the	
  presence	
  of	
  
potassium	
  tert-­‐butoxide,	
  in	
  anhydrous	
  DMSO,	
  to	
  give	
  the	
  mono-­‐	
  (L2	
  and	
  L4)	
  or	
  bis-­‐substituted	
  (L3	
  and	
  L5)	
  
azole-­‐pyridine	
  ligands	
  respectively.	
  Corresponding	
  complexes	
  1-­‐4	
  were	
  produced	
  by	
  reaction	
  of	
  CoCl2·∙6H2O	
  
with	
  excess	
  of	
  ligand	
  L1-­‐L4	
  in	
  methanol	
  before	
  precipitation	
  in	
  KPF6	
  solution	
  to	
  give	
  the	
  
hexafluorophosphate	
  salt.	
  All	
  products	
  were	
  characterised	
  by	
  1H	
  NMR	
  (supporting	
  information).	
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Fig	
  1.	
  Synthesis	
  of	
  ligands	
  L1-­‐L5	
  and	
  cobalt(II)	
  complexes	
  1-­‐5:	
  (a)	
  anhydrous	
  DMSO,	
  tBuOK,	
  110	
  -­‐	
  140	
  °C;	
  
(b)CoCl2·∙6H2O	
  ,	
  methanol,	
  60	
  °C,	
  KPF6.	
  

2.3 	
  Cyclic	
  voltammetry	
  

Cyclic	
  voltammetry	
  (CV)	
  experiments	
  were	
  performed	
  in	
  deaerated	
  1	
  mM	
  solutions	
  of	
  each	
  complex,	
  with	
  
0.1	
  M	
  TBA	
  PF6	
  supporting	
  electrolyte,	
  in	
  hydrous	
  acetonitrile.	
  A	
  three-­‐electrode	
  cell	
  was	
  employed	
  consisting	
  
of	
  a	
  platinum	
  wire	
  auxiliary	
  electrode,	
  silver	
  wire	
  quasi-­‐reference	
  and	
  either	
  a	
  gold	
  or	
  glassy-­‐carbon	
  (GC)	
  disk	
  
working	
  electrode	
  (1.6	
  and	
  3.0	
  mm	
  diameter	
  respectively,	
  BASi,	
  Alvatek,	
  UK).	
  Working	
  electrodes	
  were	
  
polished	
  before	
  use	
  with	
  two	
  grades	
  of	
  diamond	
  slurries	
  (3	
  µm	
  and	
  0.25	
  µm,	
  Buehler)	
  and	
  alumina	
  
suspension	
  (0.05	
  µm,	
  Buehler)	
  prior	
  to	
  sonication	
  in	
  deionized	
  water,	
  methanol	
  rinsing	
  and	
  drying	
  under	
  
compressed	
  nitrogen.	
  The	
  quasi-­‐reference	
  was	
  stabilized	
  by	
  galvanostatic	
  deposition	
  of	
  AgPF6	
  from	
  
saturated	
  KPF6	
  solution	
  and	
  all	
  redox	
  potentials	
  were	
  reported	
  against	
  the	
  ferrocene/	
  ferrocenium	
  ion	
  redox	
  
couple	
  as	
  an	
  internal	
  standard.	
  Measurements	
  were	
  recorded	
  using	
  a	
  PC-­‐controlled	
  Compactstat	
  (IVIUM	
  
Technologies)	
  and	
  redox-­‐couple	
  reversibility	
  was	
  assessed	
  as	
  a	
  function	
  of	
  increasing	
  scan	
  rate	
  in	
  the	
  range	
  
of	
  10	
  -­‐	
  1280	
  mV	
  s-­‐1.	
  

	
  

2.4 	
  Charge-­‐discharge	
  studies	
  in	
  H-­‐type	
  cell	
  	
  

Initial	
  battery	
  cycling	
  experiments	
  were	
  conducted	
  on	
  1	
  mM	
  solutions	
  of	
  each	
  complex	
  in	
  anhydrous	
  
acetonitrile	
  with	
  0.5	
  M	
  TBA	
  PF6	
  electrolyte	
  in	
  a	
  nitrogen	
  glove-­‐box	
  (MBRAUN).	
  A	
  H-­‐type	
  glass	
  cell	
  was	
  
employed	
  consisting	
  of	
  two	
  graphite	
  rod	
  electrodes	
  (Goodfellow	
  Cambridge	
  Limited,	
  99.997%,	
  5.0	
  mm	
  
diameter,	
  ≈	
  4	
  cm	
  separation),	
  an	
  anionic-­‐exchange	
  membrane	
  (Fumatech,	
  Fumasep	
  FAP-­‐450,	
  1.33	
  cm2	
  area)	
  
and	
  a	
  magnetic	
  stir-­‐bar	
  per	
  half-­‐cell.	
  Prior	
  to	
  assembly,	
  the	
  electrodes	
  were	
  polished	
  with	
  fine	
  sand	
  paper	
  
and	
  tissue	
  to	
  give	
  a	
  reflective	
  surface,	
  whereas	
  the	
  membrane	
  was	
  soaked	
  in	
  the	
  test	
  solution	
  for	
  at	
  least	
  24	
  
h.	
  Precisely	
  9	
  mL	
  of	
  test	
  solution	
  was	
  added	
  to	
  each	
  compartment	
  to	
  be	
  used	
  as	
  both	
  the	
  posolyte	
  and	
  
negolyte	
  during	
  battery	
  cycling;	
  defined	
  as	
  the	
  electrolytes	
  that	
  contain	
  the	
  redox	
  species	
  which	
  are	
  oxidised	
  
and	
  reduced,	
  respectively,	
  during	
  the	
  charging	
  process.	
  The	
  graphite	
  rods	
  were	
  then	
  immersed	
  to	
  give	
  a	
  22.8	
  
cm2	
  electroactive	
  area.	
  Cycling	
  was	
  then	
  performed	
  using	
  a	
  constant	
  ±	
  4.4	
  µA	
  cm-­‐2	
  current	
  density	
  between	
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upper	
  and	
  lower	
  thresholds	
  ≈ V!"## − 0.6  V ≤ V!"## ≤ V!"## + 0.6  V ;	
  where	
  the	
  cell	
  potential	
  V!"##	
  is	
  
defined	
  as	
  the	
  potential	
  difference	
  between	
  the	
  cathodic	
  and	
  anodic	
  redox	
  couples	
  on	
  GC	
  electrode.	
  

2.5 	
  Charge-­‐discharge	
  studies	
  in	
  flow-­‐cell	
  

The	
  charge-­‐discharge	
  performance	
  of	
  complex	
  2	
  was	
  examined	
  in	
  a	
  small-­‐scale	
  prototype	
  flow-­‐cell	
  in	
  a	
  
nitrogen	
  glovebox	
  (MBRAUN)	
  as	
  a	
  function	
  of	
  applied	
  current	
  density.	
  A	
  bespoke	
  flow-­‐cell	
  was	
  designed	
  and	
  
constructed	
  in-­‐house	
  consisting	
  of	
  graphite	
  felt	
  electrodes	
  (SGL	
  Group,	
  approx.	
  geometrical	
  surface	
  area	
  of	
  8	
  
cm2),	
  graphite	
  plate	
  (C-­‐Tech	
  Innovation,	
  4	
  mm	
  thickness)/	
  brass	
  sheet	
  (K&S	
  Engineering,	
  0.25	
  mm	
  thickness)	
  
current	
  collectors	
  and	
  an	
  anionic-­‐exchange	
  membrane	
  (Fumatech,	
  Fumasep	
  FAP-­‐450,	
  8.0	
  cm2	
  area)	
  
separating	
  the	
  two	
  half-­‐cells.	
  The	
  cell	
  was	
  filled	
  with	
  exactly	
  50	
  mL	
  of	
  1	
  mM	
  complex	
  2	
  in	
  anhydrous	
  0.5	
  M	
  
TBA	
  PF6	
  MeCN	
  electrolyte	
  per	
  half-­‐cell	
  and	
  pumped	
  cyclically	
  through	
  the	
  cell	
  using	
  a	
  peristaltic	
  pump	
  (Cole	
  
Parmer,	
  MasterFlex®	
  L/S®	
  series	
  fitted	
  with	
  Easy-­‐Load®	
  II	
  pump	
  head)	
  at	
  a	
  constant	
  flow-­‐rate	
  of	
  ≈	
  60	
  mL	
  min-­‐
1.	
  Battery	
  cycling	
  was	
  then	
  conducted	
  at	
  constant	
  current	
  densities	
  of	
  ±	
  125	
  and	
  1250	
  µA	
  cm-­‐2	
  between	
  2.0	
  
and	
  0.8	
  V	
  upper	
  and	
  lower	
  thresholds	
  respectively.	
  Complete	
  flow-­‐cell	
  schematic	
  details	
  are	
  available	
  in	
  
supporting	
  information.	
  

2.6 	
  Solubility	
  measurements	
  

The	
  solubility	
  of	
  each	
  complex	
  in	
  pure	
  acetonitrile	
  was	
  estimated	
  by	
  a	
  gradual	
  solvent	
  addition	
  method.	
  
The	
  exact	
  mass	
  of	
  a	
  small	
  sample	
  of	
  complex	
  (≈10	
  -­‐	
  20	
  mg)	
  was	
  initially	
  measured	
  using	
  a	
  five-­‐decimal	
  place	
  
balance	
  (METTLER	
  TOLEDO,	
  UK).	
  To	
  which,	
  ≈10	
  -­‐	
  20	
  µL	
  aliquots	
  of	
  anhydrous	
  MeCN	
  were	
  added,	
  by	
  use	
  of	
  a	
  
2	
  -­‐	
  200	
  µL	
  pipettor,	
  until	
  the	
  solid	
  dissolved	
  by	
  visual	
  inspection.	
  The	
  total	
  mass	
  of	
  solvent	
  added	
  was	
  then	
  
measured	
  and	
  used	
  to	
  calculate	
  the	
  solvent	
  volume,	
  assuming	
  a	
  MeCN	
  density	
  of	
  0.786	
  g	
  cm-­‐3.	
  The	
  complex	
  
saturation	
  concentration	
  was	
  then	
  calculated	
  and	
  averaged	
  over	
  three	
  repetitions.	
  Mean	
  concentrations	
  
were	
  then	
  reported	
  herein	
  to	
  be	
  the	
  complex	
  solubility.	
  

3. Results	
  and	
  discussion	
  

3.1 	
  Synthesis	
  and	
  characterisation	
  

Ligands	
  L2-­‐L5	
  and	
  complexes	
  1-­‐4	
  were	
  prepared	
  according	
  to	
  previous	
  procedures.	
  Complexes	
  1-­‐2	
  and	
  4	
  
and	
  ligand	
  L3	
  have	
  been	
  reported	
  before,[18,19,23,27–29]	
  however	
  complex	
  3	
  and	
  ligand	
  L5	
  are	
  new.	
  1H	
  
NMR	
  spectra	
  of	
  ligands	
  L2	
  and	
  L4	
  in	
  CDCl3	
  gave	
  proton	
  signals	
  consistent	
  with	
  literature,[19]	
  whereas	
  that	
  of	
  
L3	
  and	
  L5	
  (in	
  CDCl3	
  and	
  toluene-­‐d8	
  respectively)	
  gave	
  proton	
  environments	
  with	
  the	
  expected	
  signal	
  
multiplicities	
  and	
  integrations	
  for	
  the	
  symmetrical	
  ligand	
  structures.	
  1H	
  NMR	
  spectra	
  of	
  complexes	
  1-­‐4	
  gave	
  
sharp	
  singlets	
  ranging	
  from	
  δ	
  =	
  -­‐0.09	
  to	
  119.00	
  ppm	
  due	
  to	
  the	
  paramagnetic	
  cobalt(II)	
  metal	
  centre.	
  
Chemical	
  shifts	
  of	
  2	
  and	
  4	
  were	
  also	
  consistent	
  with	
  literature	
  [19]	
  whereas	
  1	
  and	
  3	
  exhibited	
  the	
  expected	
  
number	
  of	
  proton	
  environments.	
  

Ligands	
  1-­‐4	
  were	
  all	
  methanol-­‐soluble	
  white	
  to	
  cream	
  solids,	
  whereas	
  L5	
  was	
  significantly	
  more	
  insoluble	
  
and	
  required	
  hot	
  DMSO,	
  THF,	
  toluene	
  or	
  benzene	
  to	
  solvate	
  the	
  non-­‐polar	
  structure.	
  Complexes	
  1-­‐4	
  were	
  
air-­‐,	
  light-­‐	
  and	
  moisture-­‐stable	
  dark	
  red	
  to	
  pale-­‐brown	
  solids,	
  which	
  were	
  soluble	
  in	
  acetonitrile.	
  Complex	
  5	
  
could	
  not	
  be	
  produced	
  in	
  this	
  study	
  despite	
  successful	
  synthesis	
  of	
  the	
  L5	
  ligand	
  and	
  pyrazole	
  analogues	
  
reported	
  here	
  and	
  elsewhere.[18–20,28,29]	
  It	
  was	
  suspected	
  that	
  the	
  complexation	
  with	
  cobalt(II)	
  was	
  
hindered	
  by	
  a	
  combination	
  of	
  limiting	
  ligand	
  solubility,	
  possible	
  thermodynamic	
  restraints	
  such	
  as	
  weaker	
  
electron-­‐deficient	
  1,2,4-­‐triazole	
  σ-­‐donating/	
  π-­‐accepting	
  bonding	
  and	
  a	
  significant	
  kinetic	
  barrier	
  associated	
  
with	
  the	
  initial	
  bonding	
  of	
  a	
  terminal	
  1,2,4-­‐triazole	
  with	
  the	
  cobalt	
  metal	
  centre.	
  However,	
  we	
  speculate	
  that	
  
its	
  synthesis	
  might	
  be	
  possible	
  by	
  use	
  of	
  a	
  highly-­‐activated	
  cobalt	
  starting	
  material	
  featuring	
  weakly	
  
coordinating	
  ligands	
  in	
  anhydrous	
  inert	
  conditions.	
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3.2 	
  Voltammetric	
  behaviour	
  of	
  cobalt(II)	
  complexes	
  

Cyclic	
  voltammograms	
  of	
  complexes	
  1-­‐4	
  on	
  GC	
  and	
  Au	
  electrodes	
  (Fig	
  2.)	
  exhibit	
  reversible	
  redox	
  
processes	
  corresponding	
  to	
  metal-­‐centric	
  oxidation	
  and	
  reduction;	
  Co(III/II)	
  and	
  Co(II/I)	
  respectively,	
  in	
  
addition	
  to	
  ligand	
  centric	
  reduction	
  L/L-­‐	
  at	
  higher	
  negative	
  potentials.	
  Hence,	
  redox	
  processes	
  of	
  cobalt	
  
complexes	
  with	
  tridentate	
  azole-­‐pyridine	
  ligands	
  can	
  be	
  generally	
  attributed	
  as:	
  
	
  

Co 𝐈𝐈 𝐋𝐧 ! PF! ! ⇌ Co 𝐈𝐈𝐈 𝐋𝐧 ! PF! ! + e!# 2 	
  
	
  

Co 𝐈𝐈 𝐋𝐧 ! PF! ! + e! ⇌ Co 𝐈 𝐋𝐧 ! PF! # 3 	
  
	
  

Co 𝐈 𝐋𝐧 ! PF! + e! ⇌ Co 𝐈 𝐋𝐧 ! # 4 	
  
	
  

A	
  NA-­‐RFB	
  can	
  therefore	
  be	
  constructed	
  by	
  utilising	
  process	
  (2)	
  in	
  the	
  posolyte	
  and	
  either	
  (3)	
  or	
  (4)	
  in	
  the	
  
negolyte,	
  to	
  give	
  cell	
  potentials,	
  V!"##,	
  in	
  the	
  region	
  of	
  1.06	
  to	
  2.17	
  V,	
  depending	
  on	
  the	
  structure	
  of	
  the	
  
complex	
  and	
  the	
  redox	
  couples	
  utilised	
  (	
  

Table	
  1).	
  Complex	
  2	
  gave	
  the	
  largest	
  cell	
  potential;	
  2.17	
  V,	
  when	
  cycled	
  between	
  Co(III)	
  and	
  L-­‐	
  oxidation	
  
states,	
  however	
  complex	
  3	
  gave	
  the	
  largest	
  potential	
  difference;	
  1.91	
  V,	
  between	
  the	
  cobalt	
  oxidation	
  states.	
  
Utilisation	
  of	
  ligand	
  redox	
  couples	
  would	
  therefore	
  yield	
  higher	
  cell	
  potentials	
  however	
  undesirable	
  initial	
  
electrolysis	
  of	
  the	
  Co(II)	
  electrolyte,	
  akin	
  to	
  the	
  VRFB,	
  would	
  be	
  required	
  to	
  produce	
  the	
  Co(I)	
  electrolyte.	
  

	
  

	
  
Fig	
  2.	
  First	
  clockwise	
  cyclic	
  voltammograms	
  of	
  1	
  mM	
  cobalt(II)	
  complexes	
  1-­‐4	
  on	
  a)	
  gold	
  and	
  b)	
  glassy-­‐carbon	
  
electrode	
  in	
  0.1	
  M	
  TBA	
  PF6	
  MeCN	
  solution	
  at	
  50	
  mV	
  s-­‐1.	
  Arrows	
  indicate	
  the	
  start	
  point	
  of	
  cyclic	
  voltammetry.	
  

	
  

The	
  electrochemical	
  behaviour	
  of	
  complexes	
  1-­‐4	
  were	
  investigated	
  as	
  a	
  function	
  of	
  scan	
  rate	
  on	
  GC	
  and	
  
Au	
  electrode	
  (Fig	
  3.).	
  Properties	
  of	
  the	
  complexes	
  were	
  found	
  to	
  be	
  in	
  agreement	
  with	
  literature	
  such	
  that	
  
redox	
  potentials	
  were	
  invariant	
  of	
  electrode	
  material,	
  while	
  reversibility	
  was	
  dependent;	
  the	
  peak-­‐
separations	
  of	
  Co(III/II)	
  couples	
  were	
  smallest	
  on	
  Au	
  whereas	
  that	
  of	
  Co(II/I)	
  and	
  L/L-­‐	
  were	
  better	
  on	
  GC.[19]	
  
Reversibility	
  ratios,	
  defined	
  as	
  the	
  ratio	
  of	
  the	
  peak	
  anodic	
  and	
  cathodic	
  currents	
  measured	
  by	
  baseline	
  
extrapolation,	
  were	
  also	
  found	
  to	
  be	
  close	
  to	
  unity	
  at	
  slow	
  scan	
  rates	
  but	
  showed	
  general	
  divergence	
  with	
  
increasing	
  scan	
  rate,	
  suggesting	
  overall	
  quasi-­‐reversible	
  behaviour.	
  In	
  addition,	
  as	
  observed	
  by	
  Shavaleev	
  et	
  
al.	
  [19],	
  the	
  reversibility	
  of	
  the	
  Co(III/II)	
  couples,	
  for	
  1-­‐4,	
  was	
  also	
  found	
  to	
  be	
  dependent	
  on	
  the	
  electrode	
  
history	
  such	
  that	
  their	
  reproducibility	
  was	
  lost	
  when	
  the	
  Co(II/I)	
  couple	
  was	
  cycled	
  in	
  the	
  same	
  scan	
  due	
  to	
  
adsorbed	
  reduced	
  Co	
  species.[19]	
  As	
  such,	
  deposition	
  of	
  material	
  on	
  the	
  electrode	
  surface	
  was	
  visually	
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observed	
  after	
  several	
  cycles	
  at	
  negative	
  potentials.	
  Such	
  deposition	
  does	
  not	
  affect	
  battery	
  performance	
  
however,	
  as	
  the	
  Co(III/II)	
  redox	
  couple	
  is	
  never	
  cycled	
  on	
  the	
  Co(II/I)	
  compartment	
  electrode.	
  

	
  

	
  
Fig	
  3.	
  Second	
  clockwise	
  cyclic	
  voltammograms	
  of	
  1	
  mM	
  cobalt(II)	
  complex	
  2	
  on	
  gold	
  electrode	
  in	
  0.1	
  M	
  TBA	
  
PF6	
  MeCN	
  solution	
  at	
  scan	
  rates	
  in	
  the	
  region	
  of	
  10	
  -­‐	
  1280	
  mV	
  s-­‐1.	
  Left)	
  Co(II/I)	
  redox	
  couple.	
  Right)	
  Co(III/II)	
  
redox	
  couple.	
  Arrows	
  indicate	
  the	
  shift	
  of	
  peak	
  anodic	
  and	
  cathodic	
  potentials	
  with	
  respect	
  to	
  increasing	
  
scan	
  rate.	
  

	
  
Complexes	
  1	
  and	
  2	
  presented	
  with	
  reversible	
  ligand	
  reductions,	
  whereas	
  3	
  gave	
  irreversible	
  response	
  and	
  

4	
  completely	
  lacked	
  any	
  ligand	
  response.	
  This	
  behaviour	
  suggests	
  that	
  the	
  azole-­‐pyridine	
  ligand	
  response	
  
originates	
  from	
  the	
  reduction	
  of	
  the	
  bipyridine	
  unit,[30]	
  however	
  its	
  stability	
  is	
  dependent	
  on	
  the	
  electron	
  
deficiency	
  of	
  the	
  terminal	
  group;	
  1,2,4-­‐triazole	
  is	
  significantly	
  more	
  electron	
  deficient	
  than	
  pyridine,	
  
therefore	
  it	
  destabilises	
  the	
  bipyridine	
  reduced	
  species.	
  Thus,	
  azole-­‐pyridine	
  ligands	
  are	
  capable	
  of	
  non-­‐
innocent	
  behaviour	
  as	
  long	
  as	
  they	
  comprise	
  a	
  bipyridine	
  unit	
  and	
  their	
  terminal	
  donor	
  group	
  is	
  not	
  
significantly	
  electron	
  deficient.[19]	
  Extra	
  redox	
  couples	
  for	
  cobalt	
  complexes	
  with	
  
bis(acetylacetone)ethylenediamine	
  and	
  1,10-­‐phenanthroline	
  ligands	
  have	
  been	
  reported	
  but	
  not	
  assigned,	
  
hence	
  it	
  is	
  also	
  likely	
  that	
  these	
  processes	
  are	
  ligand-­‐centric	
  reductions	
  which	
  result	
  in	
  electron	
  
delocalisation	
  into	
  the	
  aromatic	
  or	
  conjugated	
  ligand	
  π-­‐systems.[24,26,30]	
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Fig	
  4.	
  Overlay	
  of	
  the	
  first	
  clockwise	
  cyclic	
  voltammograms	
  of	
  the	
  Co(III/II)	
  redox	
  couple,	
  of	
  complexes	
  1-­‐3,	
  
representing	
  the	
  stepwise	
  substitution	
  of	
  terminal	
  2,2’:6’,2’’-­‐Terpyridine	
  pyridyl	
  groups	
  with	
  3,5-­‐
dimethylpyrazole	
  donor	
  groups.	
  1	
  mM	
  complex	
  in	
  0.1	
  M	
  TBA	
  PF6	
  MeCN	
  solution	
  at	
  50	
  mV	
  s-­‐1	
  on	
  gold	
  
electrode.	
  

Redox	
  potentials	
  of	
  the	
  cobalt	
  couples,	
  (Table	
  1)	
  were	
  found	
  to	
  be	
  dependent	
  on	
  the	
  ligand	
  structure	
  and	
  
electron	
  deficiency	
  of	
  its	
  terminal	
  azole	
  donors,[18,19]	
  whereas	
  ligand	
  potentials	
  have	
  been	
  shown	
  to	
  vary	
  
little	
  with	
  changes	
  in	
  structure.[19]	
  Successive	
  replacement	
  of	
  terminal	
  pyridine	
  donors	
  with	
  weaker	
  σ-­‐
donating/	
  π-­‐accepting	
  3,5-­‐dimethylpyrazoles	
  (in	
  the	
  series	
  1,	
  2,	
  3)	
  positively	
  shifts	
  the	
  Co(III/II)	
  couple	
  by	
  
approximately	
  275	
  mV	
  per	
  substitution,	
  (Fig	
  4.)	
  whereas	
  the	
  Co(II/I)	
  couples	
  are	
  negatively	
  shifted	
  by	
  ≈	
  100	
  
mV	
  (on	
  average).	
  In	
  contrast,	
  replacement	
  with	
  electron-­‐deficient	
  1,2,4-­‐triazole	
  resulted	
  in	
  significant	
  
positive	
  shifts	
  of	
  both	
  cobalt	
  redox	
  couples	
  and	
  a	
  dramatic	
  loss	
  of	
  the	
  Co(III/II)	
  reversibility	
  on	
  GC.	
  As	
  a	
  result	
  
of	
  these	
  potential	
  shifts,	
  the	
  potential	
  difference	
  between	
  the	
  cobalt	
  redox	
  couples	
  also	
  increases;	
  from	
  1.07	
  
to	
  1.37	
  to	
  1.91	
  V	
  for	
  complexes	
  1,	
  2	
  and	
  3	
  respectively	
  (on	
  GC).	
  It	
  was	
  therefore	
  expected	
  that	
  complex	
  5	
  
would	
  have	
  produced	
  the	
  largest	
  potential	
  difference	
  between	
  the	
  cobalt	
  oxidation	
  states,	
  and	
  likely	
  the	
  
largest	
  cell	
  potential,	
  as	
  the	
  cobalt	
  potential	
  difference	
  of	
  complex	
  4	
  was	
  larger	
  than	
  that	
  of	
  3;	
  1.51	
  and	
  1.37	
  
V	
  respectively.	
  However,	
  the	
  trend	
  of	
  Co(III/II)	
  reversibility	
  as	
  a	
  function	
  of	
  terminal	
  ligand	
  donor	
  strength,	
  
suggests	
  that	
  the	
  complex	
  5	
  Co(III/II)	
  redox	
  couple	
  would	
  be	
  irreversible	
  or	
  at	
  least	
  less	
  reversible	
  than	
  that	
  
of	
  complex	
  3.
	
  

Table	
  1	
  

Redox	
  potentials,	
  as	
  measured	
  from	
  cyclic	
  voltammograms	
  at	
  50	
  mV	
  s-­‐1,	
  of	
  cobalt(II)	
  complexes	
  in	
  0.1	
  M	
  TBA	
  
PF6	
  MeCN	
  solution,	
  reported	
  relative	
  to	
  the	
  Fc+/Fc	
  couple.	
  Peak	
  separations	
  are	
  given	
  in	
  brackets	
  and	
  redox	
  
potentials	
  are	
  rounded	
  to	
  three	
  significant	
  figures.	
  

Complex	
   Electrode	
   𝐸! !
!"# 	
  [V],	
  

L/L-­‐	
  
𝐸! !
!"# 	
  [V],	
  

Co(II/I)	
  
𝐸! !
!" 	
  [V],	
  

Co(III/II)	
  
ΔE	
  [V],	
  	
  
Co(II)/Co(III)//
L/L-­‐	
  

ΔE	
  [V],	
  
Co(II)/Co(III)//
Co(II)/Co(I)	
  

1	
   GC	
   -­‐2.03	
  (79)	
   -­‐1.15	
  (57)	
   -­‐0.09	
  (63)	
   	
  1.94	
   	
  1.07	
  

	
  
Au	
   -­‐2.05	
  (77)	
   -­‐1.17	
  (59)	
   -­‐0.11	
  (64)	
   	
  1.94	
   	
  1.06	
  

	
   	
   	
   	
   	
   	
   	
  
2	
   GC	
   -­‐2.01	
  (78)	
   -­‐1.22	
  (55)	
   	
  0.16	
  (79)	
   	
  2.17	
   	
  1.37	
  
	
   Au	
   -­‐2.03	
  (83)	
   -­‐1.24	
  (61)	
   	
  0.14	
  (77)	
   	
  2.17	
   	
  1.38	
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3	
   GC	
   	
   -­‐1.37	
  (69)	
   	
  0.54	
  (566)	
   	
   	
  1.91	
  
	
   Au	
   	
   -­‐1.37	
  (68)	
   	
  0.44	
  (74)	
   	
   	
  1.81	
  
	
   	
   	
   	
   	
   	
   	
  
4	
   GC	
   	
   -­‐1.08	
  (64)	
   	
  0.43	
  (165)	
   	
   	
  1.51	
  
	
   Au	
   	
   -­‐1.08	
  (65)	
   	
  0.42	
  (71)	
   	
   	
  1.50	
  
	
  

3.3 Charge-­‐discharge	
  performance	
  in	
  H-­‐type	
  cell	
  

Charge-­‐discharge	
  performance	
  of	
  complexes	
  1-­‐4	
  in	
  a	
  H-­‐type	
  glass	
  cell	
  was	
  evaluated	
  using	
  1	
  mM,	
  0.5	
  M	
  
TBA	
  PF6	
  electrolyte.	
  Due	
  to	
  the	
  limiting	
  electrode-­‐area	
  of	
  a	
  H-­‐type	
  glass	
  cell	
  design,	
  a	
  constant	
  ±	
  4.4	
  µA	
  cm-­‐2	
  
current	
  density	
  was	
  chosen.	
  This	
  was	
  decided	
  to	
  be	
  a	
  suitable	
  compromise	
  between	
  long	
  cycling	
  timescales,	
  
which	
  are	
  directly	
  proportional	
  to	
  the	
  current,	
  and	
  cell	
  overpotentials,	
  which	
  arise	
  from	
  the	
  reaction	
  kinetics	
  
and	
  high	
  cell	
  resistances	
  (organic	
  electrolyte,	
  inter-­‐electrode	
  separation	
  and	
  the	
  membrane).	
  

	
  
Fig	
  5.	
  First	
  five	
  (of	
  ten)	
  charge-­‐discharge	
  cycles	
  of	
  1	
  mM	
  complexes	
  in	
  0.5	
  TBA	
  PF6	
  MeCN	
  solution	
  at	
  ±	
  4.4	
  µA	
  
cm-­‐2.	
  Horizontal	
  dashed	
  grey	
  lines	
  represent	
  the	
  theoretical	
  cell	
  potential,	
  as	
  given	
  by	
  CV	
  on	
  GC	
  electrode.	
  a)	
  
complex	
  1;	
  1.07	
  V	
  theoretical	
  cell	
  potential,	
  1.6	
  and	
  0.4	
  V	
  upper	
  and	
  lower	
  thresholds.	
  b)	
  complex	
  2;	
  1.37	
  V	
  
theoretical	
  cell	
  potential,	
  2.0	
  and	
  0.8	
  V	
  upper	
  and	
  lower	
  thresholds.	
  c)	
  complex	
  3;	
  1.91	
  V	
  theoretical	
  cell	
  
potential,	
  2.4	
  and	
  1.2	
  V	
  upper	
  and	
  lower	
  thresholds.	
  d)	
  complex	
  4;	
  1.51	
  V	
  theoretical	
  cell	
  potential,	
  2.1	
  and	
  
0.9	
  V	
  upper	
  and	
  lower	
  thresholds.	
  

Each	
  complex	
  was	
  cycled	
  10	
  times	
  between	
  upper	
  and	
  lower	
  thresholds	
  which	
  were	
  approximately	
  
symmetric	
  about	
  the	
  theoretical	
  cell	
  potential	
  (given	
  by	
  CV	
  on	
  GC	
  electrode,	
  Table	
  1).	
  Optimised	
  thresholds	
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were	
  chosen	
  to	
  be	
  sufficiently	
  over/	
  under	
  the	
  cell	
  potential	
  to	
  allow	
  complete	
  charge/	
  discharge,	
  but	
  not	
  
too	
  large	
  as	
  to	
  avoid	
  charge	
  transfer	
  to	
  unwanted	
  processes	
  such	
  as	
  ligand	
  reduction.	
  

Cycling	
  of	
  complexes	
  gave	
  approximately	
  linearly	
  increasing	
  plateau	
  regions,	
  characteristic	
  of	
  solution-­‐
phase	
  kinetics-­‐limited	
  electron	
  transfer,	
  and	
  steep	
  potential	
  regions	
  indicative	
  of	
  mass-­‐transport	
  limited	
  
electrolysis	
  (Fig	
  5.).	
  This	
  is	
  more	
  evident	
  in	
  the	
  figures	
  presented	
  in	
  the	
  SI	
  (Fig.	
  S13-­‐32)	
  in	
  which	
  the	
  charge	
  
and	
  discharge	
  cycles	
  are	
  overlaid.	
  Plateau	
  regions	
  were	
  consistent	
  with	
  the	
  theoretical	
  cell	
  potentials	
  such	
  
that	
  they	
  resided	
  within	
  the	
  potential	
  range	
  of	
  the	
  charge	
  plateaus,	
  suggesting	
  that	
  very	
  little	
  overpotential	
  
was	
  required	
  to	
  charge	
  the	
  electrolytes.	
  However,	
  plateau	
  regions	
  for	
  complex	
  3	
  were	
  more	
  consistent	
  with	
  
the	
  theoretical	
  cell	
  potential	
  given	
  by	
  Au	
  electrode	
  due	
  to	
  the	
  unusual	
  voltammetric	
  behaviour	
  observed	
  on	
  
GC	
  (Fig	
  2.).	
  

In	
  addition	
  to	
  the	
  observed	
  charge	
  plateaus,	
  charge	
  and	
  discharge	
  times	
  for	
  cell	
  cycling	
  (Table	
  2)	
  were	
  
comparable	
  in	
  magnitude	
  and	
  also	
  consistent	
  with	
  the	
  projected	
  electrolysis	
  time	
  of	
  2.41	
  h	
  (calculated	
  from	
  
Faraday’s	
  law	
  of	
  electrolysis,	
  assuming	
  constant	
  current	
  and	
  a	
  single	
  electron	
  transfer)	
  suggesting	
  that	
  
states-­‐of-­‐charge	
  close	
  to	
  0	
  and	
  100	
  %	
  were	
  achieved	
  during	
  cycling.	
  Visual	
  inspection	
  of	
  the	
  electrolyte	
  
colours	
  was	
  also	
  consistent	
  with	
  the	
  observed	
  electrochemical	
  measurements;	
  battery	
  cycling	
  gave	
  yellow	
  
Co(III)	
  posolytes	
  and	
  red	
  or	
  green	
  Co(I)	
  negolytes	
  for	
  complexes	
  1	
  and	
  2-­‐4	
  respectively.	
  

Battery	
  cycling	
  performance	
  was	
  evaluated	
  in	
  terms	
  of	
  the	
  coulombic,	
  voltaic	
  and	
  energy	
  efficiencies	
  as	
  a	
  
function	
  of	
  cycle	
  number.	
  Efficiencies	
  were	
  typically	
  found	
  to	
  vary	
  little	
  with	
  respect	
  to	
  cycle	
  number	
  without	
  
any	
  observed	
  capacity	
  fade,	
  however	
  a	
  gradual	
  efficiency	
  rise	
  was	
  observed	
  for	
  complex	
  4,	
  suggesting	
  that	
  
the	
  system	
  required	
  more	
  time	
  to	
  reach	
  equilibration	
  (Fig	
  6.).	
  Generally,	
  all	
  four	
  complexes	
  gave	
  comparable	
  
performance	
  (Table	
  2)	
  such	
  that	
  mean	
  coulombic	
  efficiencies	
  at	
  lowest	
  89.7	
  %	
  and	
  voltaic	
  efficiencies	
  in	
  the	
  
range	
  of	
  70.3	
  –	
  81.0	
  %	
  were	
  achieved.	
  Despite	
  this,	
  a	
  lower	
  energy	
  efficiency	
  of	
  63.1	
  %	
  was	
  observed	
  for	
  
complex	
  3	
  which	
  resulted	
  from	
  significantly	
  more	
  overpotential	
  during	
  charging	
  and	
  discharging,	
  compared	
  
to	
  the	
  other	
  complexes.	
  This	
  overpotential	
  most	
  likely	
  resulted	
  from	
  the	
  poor	
  reversibility	
  of	
  the	
  Co(III/II)	
  
redox	
  couple	
  which	
  was	
  observed	
  on	
  GC	
  electrode,	
  suggesting	
  slow	
  electron-­‐transfer	
  kinetics.	
  	
  

	
  
	
  

Table	
  2	
  
Battery	
  cycling	
  performance	
  parameters,	
  averaged	
  over	
  last	
  nine	
  (of	
  ten)	
  cycles,	
  of	
  1	
  mM	
  complexes	
  in	
  0.5	
  M	
  
TBA	
  PF6	
  MeCN	
  solution	
  at	
  ±	
  4.4	
  µA	
  cm-­‐2.	
  Mean	
  discharge	
  times	
  are	
  given	
  in	
  brackets.	
  

Complex	
   Charge	
  
time	
  [h]	
  

ηC	
  [%]	
   ηV	
  [%]	
   ηE	
  [%]	
  

1	
   2.14	
  (2.03)	
   95.2	
   76.8	
   73.0	
  
2	
   2.84	
  (2.84)	
   99.8	
   81.0	
   80.8	
  
3	
   2.84	
  (2.55)	
   89.7	
   70.3	
   63.1	
  
4	
   2.90	
  (2.73)	
   94.2	
   77.0	
   72.5	
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Fig	
  6.	
  Battery	
  performance	
  as	
  a	
  function	
  of	
  cycle	
  number	
  of	
  1	
  mM	
  complex	
  4	
  in	
  0.5	
  TBA	
  PF6	
  MeCN	
  solution	
  at	
  
±	
  4.4	
  µA	
  cm-­‐2.	
  Squares	
  -­‐	
  coulombic	
  efficiency,	
  circles	
  -­‐	
  voltaic	
  efficiency,	
  triangles	
  -­‐	
  energy	
  efficiency.	
  

3.4 Battery	
  performance	
  in	
  flow-­‐cell	
  

In	
  order	
  to	
  examine	
  the	
  battery	
  performance	
  of	
  the	
  complexes	
  at	
  higher	
  current	
  densities,	
  a	
  conventional	
  
small-­‐scale	
  prototype	
  flow-­‐cell	
  was	
  employed.	
  Complex	
  2	
  was	
  chosen	
  for	
  further	
  study	
  due	
  to	
  the	
  
demonstration	
  of	
  a	
  very	
  high	
  energy	
  efficiency	
  of	
  80.8	
  %	
  in	
  a	
  H-­‐type	
  glass	
  cell.	
  Battery	
  performance	
  of	
  1	
  mM	
  
complex	
  in	
  0.5	
  M	
  TBA	
  PF6	
  electrolyte	
  was	
  examined	
  as	
  a	
  function	
  of	
  constant	
  cycling	
  current	
  density	
  at	
  ±	
  125	
  
and	
  1250	
  µA	
  cm-­‐2.	
  Details	
  regarding	
  the	
  fabrication	
  of	
  the	
  flow	
  cell,	
  and	
  the	
  potential-­‐time	
  curves	
  are	
  given	
  
in	
  the	
  SI.	
  A	
  summary	
  of	
  the	
  raised	
  energy	
  density	
  and	
  the	
  corresponding	
  Coulombic,	
  voltaic	
  and	
  energy	
  
efficiencies	
  are	
  given	
  in	
  Table	
  3.	
  	
  

At	
  higher	
  current	
  densities	
  the	
  battery	
  cell	
  cycled	
  with	
  significantly	
  lower	
  efficiency,	
  particularly	
  the	
  
voltaic	
  efficiency.	
  It	
  was	
  also	
  observed	
  that	
  beyond	
  the	
  first	
  charge	
  step,	
  the	
  battery	
  did	
  not	
  fully	
  discharge	
  
with	
  each	
  cycle,	
  leading	
  to	
  a	
  decay	
  in	
  capacity	
  over	
  the	
  subsequent	
  10	
  cycles.	
  This	
  is	
  a	
  phenomenon	
  that	
  has	
  
been	
  frequently	
  observed	
  in	
  non-­‐aqueous	
  RFBs	
  utilising	
  metal-­‐ligand	
  complexes	
  [refs	
  24-­‐26]	
  and	
  can	
  be	
  
attributed	
  to	
  the	
  high	
  resistivity	
  of	
  the	
  organic	
  electrolyte.	
  	
  

The	
  cell	
  used	
  in	
  this	
  preliminary	
  study	
  was	
  un-­‐optimised	
  for	
  non-­‐aqueous	
  flow	
  cell	
  studies.	
  The	
  
optimisation	
  of	
  flow	
  cells	
  architectures	
  for	
  use	
  with	
  organic	
  solvents	
  is	
  not	
  trivial	
  and	
  something	
  that	
  
requires	
  focused	
  attention	
  as	
  the	
  field	
  emerges	
  (Milshtein	
  2016).	
  The	
  electrodes,	
  tubing,	
  and	
  flow	
  design	
  
used	
  herein	
  were	
  developed	
  for	
  aqueous,	
  typically	
  vanadium,	
  flow	
  batteries.	
  It	
  is	
  hypothesised	
  that	
  the	
  
complexes	
  did	
  not	
  have	
  a	
  favourable	
  kinetic	
  response	
  to	
  the	
  graphite	
  felt	
  electrodes.	
  Attempts	
  to	
  
characterise	
  the	
  behaviour	
  of	
  the	
  complexes	
  using	
  felt	
  electrodes	
  in	
  three-­‐electrode	
  systems	
  proved	
  too	
  
difficult	
  owing	
  to	
  the	
  fragile	
  structure	
  of	
  the	
  felt	
  when	
  not	
  compressed.	
  The	
  electron	
  transfer	
  kinetics	
  of	
  the	
  
complexes	
  are	
  compromised	
  at	
  higher	
  current	
  densities.	
  Notably	
  it	
  was	
  the	
  posolyte	
  complex	
  that	
  appeared	
  
to	
  be	
  resisting	
  discharge,	
  discharging	
  to	
  a	
  point,	
  but	
  based	
  on	
  the	
  colour	
  of	
  the	
  electrolyte	
  and	
  increasing	
  
capacity	
  fade,	
  the	
  extent	
  of	
  discharge	
  was	
  reduced	
  with	
  each	
  cycle.	
  Referring	
  to	
  the	
  cyclic	
  voltammograms	
  in	
  
Figure	
  2	
  and	
  in	
  the	
  SI,	
  the	
  Co(III/II)	
  was	
  less	
  reversible	
  on	
  the	
  glassy	
  carbon	
  electrode,	
  and	
  was	
  very	
  sensitive	
  
to	
  the	
  history	
  of	
  the	
  electrode.	
  It	
  is	
  therefore	
  postulated	
  that	
  the	
  higher	
  current	
  densities	
  led	
  to	
  an	
  increase	
  
in	
  the	
  heterogeneous	
  rate	
  constant	
  such	
  that	
  the	
  Co(III)	
  species	
  was	
  irreversible	
  in	
  its	
  behaviour.	
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Further	
  studies	
  of	
  the	
  flow	
  cell	
  behaviour,	
  optimising	
  flow	
  rate,	
  utilising	
  alternative	
  electrode	
  materials,	
  
and	
  incorporating	
  catalysts	
  into	
  the	
  felt	
  are	
  required	
  to	
  truly	
  determine	
  the	
  potential	
  of	
  these	
  complexes	
  in	
  
flow	
  cell	
  systems.	
  Previous	
  cycling	
  experiments	
  in	
  the	
  literature	
  have	
  demonstrated	
  poor	
  battery	
  response	
  
by	
  attempting	
  to	
  use	
  too	
  large	
  current	
  densities,	
  resulting	
  in	
  larger	
  overpotentials	
  and	
  requiring	
  significantly	
  
different	
  (and	
  often	
  much	
  lower)	
  discharge	
  currents	
  to	
  discharge	
  the	
  cell.[24–26]	
  These	
  preliminary	
  results	
  
demonstrate	
  that	
  the	
  complexes	
  can	
  be	
  cycled	
  to	
  a	
  higher	
  current	
  density	
  on	
  charge	
  and	
  discharge	
  and	
  their	
  
performance	
  is	
  comparable	
  to	
  other	
  non-­‐aqueous	
  species	
  in	
  their	
  early	
  development	
  [references].	
  

	
  

Table	
  3	
  
Battery	
  cycling	
  performance	
  parameters,	
  averaged	
  over	
  last	
  nine	
  (of	
  ten)	
  cycles,	
  of	
  1	
  mM	
  complex	
  2	
  in	
  0.5	
  M	
  
TBA	
  PF6	
  MeCN	
  solution	
  at	
  ±	
  125	
  and	
  1250	
  µA	
  cm-­‐2.	
  

Current	
  Density	
  [µA	
  cm-­‐2]	
   ηC	
  [%]	
   ηV	
  [%]	
   ηE	
  [%]	
  

125	
   76.6	
   58.3	
   44.7	
  
1250	
   89.6	
   49.1	
   44.1	
  

	
  

3.5 Complex	
  solubility	
  

The	
  solubilities	
  of	
  complexes	
  1-­‐4	
  were	
  roughly	
  measured	
  by	
  a	
  solvent	
  addition	
  method.	
  Measurements	
  
gave	
  solubilities	
  of	
  ≈	
  0.18,	
  0.22,	
  0.50	
  and	
  0.16	
  mol	
  dm-­‐3	
  for	
  complexes	
  1-­‐4	
  respectively.	
  

Comparatively	
  low	
  solubilities	
  were	
  expected	
  due	
  to	
  the	
  non-­‐polar	
  nature	
  of	
  the	
  ligands	
  and	
  their	
  
tridentate	
  structure.	
  As	
  such,	
  measured	
  values	
  were	
  found	
  to	
  be	
  of	
  similar	
  magnitude,	
  however	
  a	
  0.34	
  M	
  
variation	
  was	
  observed	
  due	
  to	
  structural	
  differences	
  of	
  the	
  ligands.	
  Solubility	
  of	
  complexes	
  in	
  the	
  series	
  1,	
  2,	
  
3	
  increased	
  with	
  the	
  number	
  of	
  substituted	
  3,5-­‐dimethylpyrazole	
  groups	
  (from	
  0	
  to	
  2	
  to	
  4)	
  due	
  to	
  more	
  
favourable	
  interactions	
  between	
  the	
  ligand	
  methyl	
  groups	
  and	
  the	
  polar	
  MeCN	
  solvent.	
  In	
  contrast,	
  
substitution	
  with	
  1,2,4-­‐triazoles	
  resulted	
  in	
  a	
  loss	
  of	
  ligand	
  polarity	
  and	
  complex	
  solubility.	
  We	
  therefore	
  
speculate	
  that	
  complex	
  5	
  would	
  have	
  been	
  the	
  least	
  soluble	
  in	
  this	
  study	
  making	
  its	
  use	
  undesirable,	
  despite	
  
the	
  expected	
  largest	
  cell	
  potential.	
  

Corresponding	
  theoretical	
  energy	
  densities	
  for	
  complexes	
  1-­‐4	
  were	
  calculated	
  to	
  be	
  2.58,	
  4.03,	
  12.80	
  and	
  
3.24	
  W	
  h	
  L-­‐1	
  by	
  use	
  of	
  equation	
  (1)	
  and	
  the	
  theoretical	
  cell	
  potentials	
  on	
  GC	
  electrode.	
  The	
  highest	
  
theoretical	
  energy	
  density	
  was	
  achieved	
  by	
  complex	
  3	
  due	
  to	
  a	
  combination	
  of	
  its	
  higher	
  cell	
  potential	
  and	
  
superior	
  solubility.	
  Hence,	
  full	
  substitution	
  with	
  3,5-­‐dimethylpyrazoles	
  resulted	
  in	
  a	
  five-­‐fold	
  increase	
  of	
  
energy	
  density	
  compared	
  to	
  the	
  initial	
  2,2’:6’,2’’-­‐terpyridine	
  complex.	
  

	
  

4. Conclusions	
  

A	
  new	
  class	
  of	
  cobalt(II)	
  complexes	
  with	
  ‘tunable’	
  tridentate	
  azole-­‐pyridine	
  type	
  ligands	
  were	
  evaluated	
  
for	
  use	
  as	
  redox	
  species	
  in	
  a	
  novel	
  non-­‐aqueous	
  redox-­‐flow	
  battery.	
  Four	
  different	
  structures	
  were	
  
synthesised	
  and	
  their	
  electrochemical,	
  physical	
  and	
  battery	
  properties	
  were	
  investigated	
  as	
  a	
  function	
  of	
  
successive	
  substitution	
  of	
  the	
  terminal	
  pyridyl	
  groups	
  of	
  2,2’:6’,2’’-­‐terpyridine	
  with	
  3,5-­‐dimethylpyrazoles	
  or	
  
1,2,4-­‐triazoles.	
  

Cyclic	
  voltammetry	
  of	
  1	
  mM	
  complexes	
  in	
  0.1	
  M	
  TBA	
  PF6	
  MeCN	
  electrolyte	
  on	
  glassy-­‐carbon	
  and	
  gold	
  
electrodes	
  showed	
  that	
  such	
  complexes	
  undergo	
  reversible	
  Co(III/II)	
  and	
  Co(II/I)	
  redox	
  couples	
  as	
  well	
  as	
  
possible	
  non-­‐innocent	
  ligand	
  redox	
  couples	
  (structure	
  dependent),	
  allowing	
  a	
  single-­‐species	
  RFB	
  to	
  be	
  
created.	
  Redox	
  potentials	
  were	
  found	
  to	
  be	
  tunable,	
  allowing	
  the	
  theoretical	
  RFB	
  cell	
  potential	
  to	
  be	
  
preferentially	
  increased	
  from	
  1.07	
  to	
  1.91	
  V,	
  via	
  pyridine	
  substitution	
  with	
  weaker	
  σ-­‐donating/	
  π-­‐accepting	
  
3,5-­‐dimethylpyrazole	
  groups.	
  In	
  correlation,	
  solubility	
  was	
  also	
  increased	
  from	
  0.18	
  to	
  0.50	
  M	
  due	
  to	
  more	
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favourable	
  polar	
  methyl	
  interactions	
  with	
  the	
  MeCN	
  solvent,	
  and	
  as	
  result,	
  the	
  theoretical	
  energy	
  density	
  of	
  
2,2’:6’,2’’-­‐terpyridinecobalt(II)	
  hexafluorophosphate	
  was	
  five-­‐fold	
  increased	
  from	
  2.58	
  to	
  12.80	
  W	
  h	
  L-­‐1	
  for	
  
that	
  of	
  2,6-­‐bis-­‐(N-­‐3,5-­‐dimethylpyrazoyl)pyridinecobalt(II)	
  hexafluorophosphate.	
  	
  

Battery	
  cycling	
  experiments	
  on	
  1	
  mM	
  complexes	
  in	
  0.5	
  M	
  TBA	
  PF6	
  MeCN	
  electrolyte,	
  as	
  both	
  posolyte	
  and	
  
negolyte,	
  in	
  a	
  H-­‐type	
  glass	
  cell	
  gave	
  high	
  coulombic	
  and	
  energy	
  efficiencies	
  of	
  89.7	
  –	
  99.8	
  %	
  and	
  63.1	
  –	
  80.8	
  
%	
  respectively.	
  Despite	
  a	
  small	
  loss	
  in	
  energy	
  efficiency,	
  the	
  experiments	
  show	
  that	
  the	
  energy	
  density	
  of	
  the	
  
complexes	
  could	
  be	
  increased	
  without	
  severe	
  loss	
  of	
  battery	
  performance.	
  In	
  general,	
  observations	
  suggest	
  
that	
  changes	
  in	
  ligand	
  structure,	
  and	
  associated	
  electrochemistry,	
  have	
  little	
  effect	
  on	
  battery	
  performance	
  
at	
  low	
  current	
  densities.	
  Preliminary	
  cycling	
  studies	
  using	
  an	
  un-­‐optimised	
  prototype	
  flow	
  cell	
  demonstrated	
  
a	
  loss	
  of	
  energy	
  efficiency	
  and	
  appreciable	
  capacity	
  fade	
  with	
  time	
  when	
  the	
  battery	
  was	
  cycled	
  at	
  higher	
  
current	
  densities	
  (1.25	
  mA	
  cm-­‐2).	
  This	
  was	
  attributed	
  to	
  the	
  poorer	
  electrode	
  kinetics	
  of	
  the	
  Co(III/II)	
  species.	
  
Nonetheless,	
  the	
  results	
  were	
  comparable	
  to	
  other	
  similar	
  NA-­‐RFB	
  systems,	
  and	
  could	
  be	
  greatly	
  improved	
  
on	
  optimisation	
  of	
  the	
  flow	
  cell	
  architecture.	
  

In	
  their	
  present	
  state,	
  the	
  complexes,	
  and	
  NA-­‐RFBs	
  in	
  general,	
  do	
  not	
  compete	
  with	
  VRB	
  systems	
  in	
  terms	
  
of	
  cost	
  and	
  long-­‐term	
  performance.	
  For	
  cost	
  effect	
  storage	
  to	
  be	
  attained,	
  according	
  to	
  the	
  work	
  of	
  Darling	
  
et	
  al,	
  [13]	
  a	
  combination	
  of	
  factors	
  would	
  be	
  required	
  such	
  as	
  cell	
  voltages	
  of	
  3	
  V,	
  electrolyte	
  cost	
  below	
  $5	
  
kg-­‐1,	
  and	
  complexes	
  with	
  molecular	
  weights	
  below	
  200	
  g	
  mol-­‐1,	
  in	
  addition	
  to	
  optimised	
  cell	
  designs.	
  	
  	
  

Cobalt(II)	
  complexes	
  with	
  azole-­‐pyridine	
  ligands	
  are	
  promising	
  candidates	
  for	
  large-­‐scale	
  energy	
  storage	
  
due	
  to	
  their	
  tunable	
  design,	
  high	
  battery	
  performance,	
  sustainable	
  constituents,	
  and	
  minimal	
  environmental	
  
impact.	
  Furthermore,	
  due	
  to	
  their	
  modular	
  structure	
  and	
  convenient	
  synthesis,	
  they	
  are	
  easy	
  to	
  produce	
  and	
  
modify	
  allowing	
  direct	
  control	
  over	
  battery-­‐critical	
  parameters	
  such	
  as	
  cell	
  potential	
  and	
  solubility.	
  Future	
  
work	
  on	
  advancing	
  flow	
  cell	
  architecture	
  and	
  optimising	
  kinetic	
  and	
  mass	
  transfer	
  performance	
  will	
  enable	
  
the	
  molecular	
  engineering	
  principles	
  outlined	
  in	
  this	
  paper	
  to	
  be	
  extended	
  to	
  new,	
  alternative	
  redox	
  
systems.	
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  (Fig.	
  S1-­‐8.).	
  Scan	
  rate	
  cyclic	
  voltammograms	
  (Fig.	
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  Battery	
  charge-­‐discharge	
  cycles	
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efficiencies	
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  S13-­‐43).	
  Supplementary	
  data	
  associated	
  with	
  this	
  article	
  can	
  be	
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