
 

 
 

 
 

warwick.ac.uk/lib-publications 
 

 
 
 
 

Original citation: 
Leung, P. K., Martin, T., Shah, A. A., Anderson, M. A. and Palma, J. (2016) Membrane-less 
organic-inorganic aqueous flow batteries with improved cell potential. Chemical 
Communications, 52. pp. 14270-14273. 
 
Permanent WRAP URL: 
http://wrap.warwick.ac.uk/85679  
 
Copyright and reuse: 
The Warwick Research Archive Portal (WRAP) makes this work of researchers of the 
University of Warwick available open access under the following conditions.  Copyright © 
and all moral rights to the version of the paper presented here belong to the individual 
author(s) and/or other copyright owners.  To the extent reasonable and practicable the 
material made available in WRAP has been checked for eligibility before being made 
available. 
 
Copies of full items can be used for personal research or study, educational, or not-for-profit 
purposes without prior permission or charge.  Provided that the authors, title and full 
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata 
page and the content is not changed in any way. 
 
Publisher statement: 
First published by Royal Society of Chemistry 2016   
http://dx.doi.org/10.1039/C6CC07692K   
 
A note on versions: 
The version presented here may differ from the published version or, version of record, if 
you wish to cite this item you are advised to consult the publisher’s version.  Please see the 
‘permanent WRAP URL’ above for details on accessing the published version and note that 
access may require a subscription. 
 
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk 
 

http://go.warwick.ac.uk/lib-publications
http://go.warwick.ac.uk/lib-publications
http://wrap.warwick.ac.uk/85679
http://dx.doi.org/10.1039/C6CC07692K
mailto:wrap@warwick.ac.uk


ChemComm	   	  

COMMUNICATION	  

This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  20xx	   J.	  Name.,	  2013,	  00,	  1-‐3	  |	  1 	  	  

Please	  do	  not	  adjust	  margins	  

Please	  do	  not	  adjust	  margins	  

Received	  00th	  January	  20xx,	  
Accepted	  00th	  January	  20xx	  

DOI:	  10.1039/x0xx00000x	  

www.rsc.org/	  

Membrane-‐less	  organic-‐inorganic	  aqueous	  flow	  batteries	  with	  
improved	  cell	  potential	  
P.K.	  Leunga,b,	  T.	  Martina,	  A.A.	  Shahc,d,	  M.A.	  Andersona,	  J.	  Palmaa

A	  membrane-‐less	  organic-‐inorganic	  flow	  battery	  based	  on	  zinc	  and	  
quinone	  species	  is	  proposed.	  By	  virtue	  of	  the	  slow	  dissolution	  rate	  
of	  the	  deposited	  anode	  (<	  11.5	  mg	  h-‐1	  cm-‐2),	  the	  battery	  has	  a	  cell	  
voltage	  of	  c.a.	  1.52	  V	  with	  an	  average	  energy	  efficiency	  of	  c.a.	  73	  
%	  at	  30	  mA	  cm-‐2	  over	  12	  cycles.	  

Redox	  flow	  batteries	  have	  been	  investigated	  extensively	  for	  mid-‐	  to	  
large-‐scale	  applications,	  including	  grid-‐scale	  (up	  to	  MW/	  MWh)1	  –	  4.	  
For	   such	   applications,	   the	   technology	   possesses	   advantages	   over	  
conventional	  energy	  storage	  systems	   in	   that	   these	  devices	  are	  not	  
reliant	  on	  geological	  or	  geographical	  factors	  and	  are	  not	  disruptive	  
to	   the	   environment,	   in	   contrast	   to	   pumped	   hydroelectric	   storage	  
(PHS)	  or	  compressed	  air	  storage	  (CAS).	  They	  are	  also	   lower	  cost	  at	  
large	  scales	  as	  well	  as	  safer	  compared	  to	  conventional	  batteries1	  –	  4. 
However,	  the	  capital	  cost	  of	  the	  conventional	  vanadium	  redox	  flow	  
battery	   (>	   USD$	   220	   /	   kWh)	   is	   still	   too	   high	   for	   extensive	  market	  
penetration	  due	  to	  the	  use	  of	  expensive	  active	  materials	  (vanadium:	  
c.a.	  USD$	  25	  Kg-‐1)	  and	   ion-‐exchange	  membranes	   (Nafion®	  117:	  c.a.	  
USD$	   250	   m-‐2).	   The	   costs	   of	   the	   active	   materials	   and	   separators	  
contribute	  up	  to	  30	  %	  and	  40	  %,	  respectively,	  of	  the	  overall	  capital	  
cost5.	  	  

Several	  membrane-‐less	   flow	  battery	   systems	  have	  been	  proposed,	  
including	   the	   soluble	   lead	   acid6,	   zinc-‐nickel7,	   copper-‐lead	   dioxide8,	  
cadmium-‐choranil9,	   zinc-‐lead-‐dioxide10	   and	   zinc-‐cerium11	   systems.	  
Many	  of	  these	  systems	  involve	  electrodeposition	  at	  one	  or	  both	  of	  
their	  electrodes	  and	   take	  advantage	  of	   the	  slow	  dissolution	  of	   the	  
deposited	  metals	   in	   the	  presence	  of	  active	  species	   in	   the	  common	  
electrolytes.	  In	  some	  chemistries,	  the	  capacities	  of	  the	  batteries	  are	  
still	   limited	   by	   the	   positive	   electrode	   reactions,	   since	   solid-‐phase	  
transformations	   are	   involved	   within	   the	   electrode	   materials	   (i.e.	  

PbO2/	  PbSO4,	  NiOOH/	  Ni(OH)2)
6-‐10.	  	  	  

In	   our	   proposed	   membrane-‐less	   configuration,	   we	   use	   soluble	  
active	   species	   for	   both	   electrode	   reactions	   and	   ensure	   that	   the	  
dissolution	   of	   the	   deposited	   anode	   is	   sufficiently	   slow	   in	   the	  
presence	  of	  the	  oxidized	  catholyte	  species.	  Metallic	  zinc	  and	  organic	  
quinone	  are	  used	  as	   the	  active	  materials	   in	   this	  work	  due	   to	   their	  
low-‐cost	   (<	  USD$	  8	  Kg-‐1),	  abundancy,	   reversibility	   (for	   flow	  battery	  
applications)11-‐13	   and	   the	   resulting	   high	   electrode	   potentials	   in	  
aqueous	   electrolytes.	   Facilitated	   by	   prior	   computational	  
screening12,	  benzoquinone	  compounds	  as	  the	  parent	  isomers	  were	  
reported	   to	   have	   higher	   solubilities	   and	   to	   lead	   to	   more	   positive	  
electrode	   potentials	   than	   naphthoquinone	   and	   anthraquinone	  
counterparts.	  In	  fact,	  1,4-‐benzoquinone	  is	  the	  prototypical	  member	  
of	   the	   quinone	   family.	   Together	   with	   1,2-‐benzoquinone,	   the	  
molecular	   formula	   is	   C6H4O2.	   Cyclic	   conjugation	   for	   these	   two	  
benzoquinones	  are	  discontinuous	  and	  continuous,	   respectively.	   	   In	  
comparison,	  1,4-‐benzoquinone	  (Solubility:	  c.a.	  0.1	  M)	  is	  more	  stable	  
and	   soluble	   than	   1,2-‐benzoquinone	   	   (Solubility:	   c.a.	   0.060	   M).	  
However,	  the	  reduced	  form	  of	  1,2-‐benzoquinone	  (catechol,	  c.a.	  3.9	  
M)	   is	   much	   more	   soluble	   than	   that	   of	   1,4-‐benzoquinone	  
(hydroquine,	   c.a.	   0.6	   M).	   With	   the	   incorporation	   of	   sulfonate	  
functional	   groups	   (–SO3H),	   the	   solubilities	   of	   both	   oxidized	   and	  
reduced	   quinones	   can	   be	   up	   to	   1.0	   M	   13.	   	   More	   importantly,	  
electrode	   potential	   is	   further	   shifted	   to	   +0.85	   V	   vs.	   SHE,	   more	  
positive	   than	   +0.65	   V	   vs.	   SHE	   of	   1,4-‐benzoquinone.	   The	   detailed	  
experimental	   methods	   are	   described	   in	   the	   supplementary	  
information.	   The	   resulting	   charging	   reactions	   are	   expressed	   as	  
follows:	  

At	   the	   negative	   electrode,	   zinc(II)	   species	   is	   reduced	   to	   metallic	  
zinc(0):	  

Zn!!   + 2  e!   ↔ Zn	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  E0	  =	  –0.76	  V	  vs.	  SHE	  	  	  	  	  (1)	  

At	  the	  positive	  electrode,	  hydroquinone	  (HQ)	  species	  is	  oxidizied	  to	  
benzoquinone	  molecules.	  
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For	  1,4-‐hydroquinone	  (hydroquinone):	  

	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  E0	  =	  +0.65	  V	  vs.	  SHE	  	  	  (2)	  

For	  1,2-‐hydroquinone	  (catechol):	  

	  	  	  	  	  	  	  	  	  	  	  	  	  E0	  =	  +0.75	  V	  vs.	  SHE	  	  	  (3)	  

For	  1,2-‐hydroquinone-‐disulfonic	  acid:	  

	  	  	  	  	  	  	  	  	  	  	  	  	  E0	  =	  +0.85	  V	  vs.	  SHE	  	  	  (4)	  

In	  the	  charging	  process,	  hydrogen	  and	  oxygen	  evolutions	  are	  typical	  
side	   reactions	   taking	  place	  at	   very	  negative	  and	  positive	  electrode	  
potentials,	   respectively.	   Figure	   1a	   shows	   the	   combined	   cyclic	  
voltammograms	   of	   negative	   zinc	   and	   three	   types	   of	   positive	  
quinone	   reactions	   (1,4-‐benzoquinone	   (1,4-‐BQ),	   1,2-‐benzoquinone	  
(1,2-‐BQ)	   and	   1,2-‐benzoquinone-‐3,5	   disulfonic	   acid	   (1,2-‐BQDS)),	   in	  
which	   the	   measurements	   were	   made	   by	   sweeping	   the	   electrode	  
potentials	  at	  100	  mV	  s-‐1.	  It	  can	  be	  seen	  that	  the	  voltammograms	  of	  
both	  electrode	   reactions	  were	   relatively	   reversible	   in	   terms	  of	   the	  
peak	  separations	  and	  anodic/cathodic	  current	  density	  ratios.	  It	  can	  
be	  seen	  that	  both	  hydrogen	  and	  oxygen	  evolutions	  (side	  reactions)	  
are	   siginificant	   at	   pH	   7	   for	   the	   negative	   and	   positive	   electrode	  
reactions.	  	  

For	   the	  case	  of	  1,2-‐BQDS	   ,	   the	  estimated	  cell	   voltage	   is	  as	  high	  as	  
1.65	  V,	  which	  is	  comparable	  to	  the	  metallic	  all-‐vanadium	  redox	  flow	  
batteries)	  However,	  these	  voltages	  tend	  to	  vary	  with	  the	  pH	  of	  the	  
electrolytes.	   In	   order	   to	   identify	   the	   cell	   voltage	   range	   for	   typical	  
operating	   conditions,	   the	   battery	   voltage	   was	   measured	   under	   a	  
wide	   range	   of	   pH	   values	   (pH	   1	   –	   12)	   (as	   shown	   in	   the	   E0	   vs.	   pH	  
diagram	  of	  Figure	  1b).	  

The	  estimated	   cell	   voltages	  were	   all	   higher	   than	  1.45	  V	   in	   this	   pH	  
range	   (pH	   1	   –	   12).	   For	   any	   of	   these	  molecules,	   the	   estimated	   cell	  
voltages	  were	  all	  similar	  in	  acidic	  and	  neutral	  electrolytes	  (pH	  1	  –	  8).	  
As	  shown	  in	  Figure	  1b,	  an	  increase	  in	  cell	  voltage	  is	  mainly	  observed	  
in	  alkaline	  electrolytes	  (pH	  >8)	  due	  to	  the	  more	  negative	  electrode	  
potential	   of	   the	   zinc	   electrode	   reaction.	   However,	   the	  
electrochemical	   reduction	   of	   these	   benzoquinone	   species	   could	  
lead	   to	   unstable	   species,	   such	   as	   semi-‐quinone	   (Q-‐),	   quinone	  
dianion	   (Q2-‐)	   and	   the	   protonated	   anion	   (QH-‐),	   which	   are	   less	  
chemically	  stable	  compared	  to	  the	  hydroquinone	  (QH2)	  obtained	  in	  
acidic	  or	  neutral	  electrolytes14. 	  

Although	  acidic	  electrolytes	  also	  increase	  the	  overall	  cell	  voltages	  by	  
shifting	  the	  electrode	  potentials	  of	  quinones	  towards	  more	  positive	  
values,	   they	   also	   promote	   hydrogen	   evolution	   as	   a	   side	   reaction	  

(Figure	  1c),	   leading	   to	   current	  efficiency	  of	   less	   than	  30	  %	   (anodic	  
charge	  ÷	  cathodic	  charge).	  	  
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Furthermore,	  the	  membrane-‐less	  concept	  in	  this	  work	  relies	  on	  the	  
slow	   dissolution	   rate	   of	   the	   deposited	   anode	   species.	   In	   acidic	  
electrolytes,	   metallic	   zinc	   reacts	   readily	   with	   protons	   and	   evolves	  
hydrogen15.	   Thus,	   neutral	   electrolytes	   of	   pH	   7	   were	   used	   in	   the	  
following	   tests.	   The	   use	   of	   this	   pH	   is	   to	   avoid	   the	   formation	   of	  
various	  species	  and	  to	  ensure	  the	  only	  possible	  species	  at	  the	  end	  of	  
the	   reactions	   	   are	   Zn,	   Zn2+,	   Q,	   QH2,	   as	   described	   in	   the	   relevant	  
Pourbaix	   diagrams. In	   the	   absence	   of	   a	   separator,	   the	   charged	  
benzoquinone	   species	   at	   the	   positive	   electrode	   are	   free	   to	   react	  
with	   the	  metallic	   zinc	  at	   the	  negative	  electrode	  as	  a	  self-‐discharge	  
process.	   In	   such	   a	   configuration,	   the	   dissolution	  of	   zinc	   caused	  by	  
the	   direct	   reaction	   with	   benzoquinone	   species	   depends	   on	   the	  
reaction	  kinetics	  and	  is	  limited	  by	  the	  surface	  area	  of	  the	  zinc	  anode	  
exposed	   to	   the	   electrolyte.	   The	   rates	   of	   these	   reactions	   were	  
evaluated	   by	   measuring	   the	   amount	   of	   zinc	   dissolved	   over	   time	  
immersed	   in	   different	   electrolytes15.	   Figure	   2	   show	   the	   weight	  
losses	  of	  the	  zinc	  samples	  in	  the	  presence	  of	  protons	  (100	  mM)	  and	  
oxidized	  benzoquinone	  species	   (10	  or	  100	  mM;	  60	  mM	  for	  1,2-‐BQ	  
due	   to	   its	   solubility	   limit),	   representing	   a	   100	   %	   state-‐of-‐charge	  
(SOC)	   as	   in	   the	   most	   adverse	   condition.	   It	   can	   be	   seen	   that	   the	  
weight	   loss	   of	   zinc	   was	   much	   more	   significant	   in	   the	   acidic	  
electrolyte	   (c.a.	   25	   mg	   h-‐1	   cm-‐2)	   compared	   to	   those	   with	  
benzoquinones	  at	  pH	  7	  (<	  11.5	  mg	  h-‐1	  cm-‐2).	  This	  further	  shows	  that	  
acidic	   electrolytes	   are	   not	   suitable	   for	   zinc-‐based	   membrane-‐less	  
systems.	  	  

Regarding	  the	  three	  benzoquinone	  species,	  the	  weight	  losses	  of	  zinc	  
samples	  was	   observed	   to	   be	   higher	  with	   1,2-‐BQDS	   (<	   11.5	  mg	   h-‐1	  
cm-‐2)	  than	  with	  the	  others	  (1,2-‐BQ:	  <	  4.0	  mg	  h-‐1	  cm-‐2;	  1,4-‐BQ:	  <	  2.4	  
mg	  h-‐1	  cm-‐2)	  .	  The	  resulting	  weight	  loss	  can	  be	  expressed	  as	  a	  form	  
of	   corrosion	   current	  density	  by	  using	   Faraday’s	   law	   (Figure	  2).	   For	  
the	  case	  of	  1,2-‐BQDS,	  the	  corrosion	  current	  densities	  were	  between	  
2.9	  and	  9.4	  mA	  cm-‐2	  depending	  on	  the	  quinone	  concentrations	  (10	  –	  

Figure	   2.	   Effect	   of	   weight	   loss	   of	  metallic	   zinc	   samples	  under	  
different	   electrolyte	   compositions	   ([HCl]/[1,4-‐BQ]/[1,2-‐
BQ]/[1,2-‐BQDS],	   1.5	  M	   	   ZnCl2	   at	   pH	   7)	   at	   room	   temperature.	  
HCl	   concentration:	   100	   mM;	   Quinone	   concentrations:	   10	   or	  
100	   mM	   (60	   mM	   for	   1,2-‐BQ	   due	   to	   its	   solubility	   limit);	  
electrolyte	  volume:	  100	  cm3.	  

Figure	   3.	   Cycling	   performance	   of	   a	   membraneless	   zinc-‐
benzoquinone	   hybrid	   flow	   battery	   at	   30	   mA	   cm-‐2	   and	   room	  
temperature.	   (a)	   charge-‐discharge	   profiles	   of	   Zn/1,4-‐BQ,	  
Zn/1,2-‐BQ	   and	   Zn/1,2-‐BQDS	   systems;	   (b)	   comparison	   of	  
coulombic	   and	   energy	   efficiencies	   of	   the	   three	   battery	  
systems;	   (c)	   half-‐cell	   electrode	   potential	   and	   overall	   cell	  
voltages	  of	   the	   Zn/1,2-‐BQDS	  system.	  Electrolytes:	  1.5	  M	  ZnCl2	  
and	  50	  mM	  hydroquinone;	  negative	  electrode:	  planar	   carbon;	  
positive	  electrode:	  carbon	  felt; number	  of	  cycles:	  12.	  
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100	  mM).	  Considering	  that	  metallic	  zinc	  is	  protected	  by	  the	  cathodic	  
current	  during	  the	  charge	  process,	  the	  self-‐discharge	  of	  zinc	  mainly	  
take	   place	   during	   discharge.	   As	   soon	   as	   benzoquinone	   is	   reduced	  
back	  to	  the	   initial	  hydroquinone	   in	  the	  discharge	  process,	   the	  self-‐
discharge	  process	  is	  expected	  to	  be	  slower	  towards	  a	  higher	  depth	  
of	   discharge	   (DOD)	   (See	   Table	   S1	   for	   the	   corresponding	   corrosion	  
current	   densities	   in	   a	   50	   mM	   Zn/1,2-‐BQDS	   system)	   .	   Since	   these	  
corrosion	  current	  densities	   (2.9	  –	  9.4	  mA	  cm-‐2)	  are	  still	   lower	   than	  
the	  typical	  operating	  current	  densities	  used	  in	  redox	  flow	  batteries	  
(≥	  30	  mA	  cm-‐2),	  this	  demonstrates	  the	  feasibility	  of	  using	  both	  zinc	  
and	  1,2-‐BQDS	  species	  in	  a	  membrane-‐less	  system.	  

The	   quinone	   species	   were	   further	   tested	   in	   a	   membrane-‐less	  
parallel	  plate	  flow	  cell,	  in	  which	  carbon	  felt	  was	  used	  as	  the	  positive	  
electrode	  material	  to	  facilitate	  the	  liquid-‐phase	  reactions.	  Similar	  to	  
previous	  membrane-‐less	  systems,	  a	  concentrated	  zinc(II)	  electrolyte	  
(1.5	  M)	  was	   used	   to	   alleviate	   any	  mass	   transport	   limitations,	   and	  
minimize	   the	   self-‐discharge	   of	   the	   zinc	   metal	   as	   reported	   in	   the	  
previous	  work15.	   Figure	   3a	   shows	   the	   charge-‐discharge	   profiles	   of	  
the	  proposed	   chemistries	   using	   the	   three	  quinone	  molecules	   (1,4-‐
BQ,	   1,2-‐BQ	   and	   1,2-‐BQDS)	   at	   30	  mA	   cm-‐2	   over	   12	   cycles	   (15	  min	  
charge–	  15	  min	  discharge	  regime).	  The	  charge	  capacity	  is	  equivalent	  
to	  an	  overall	  SOC	  of	  c.a.	  55	  %	  based	  on	  the	  energy	  content	  of	   the	  
benzoquinone	  species.	  The	  coulombic	  and	  energy	  efficiencies	  were	  
calculated	  and	  are	  summarized	  in	  Figure	  3b.	  It	  can	  be	  seen	  that	  the	  
coulombic	  efficiencies	  of	  these	  quinones	  were	  similar	  to	  each	  other	  
(70	  –	  80	  %),	  indicating	  that	  the	  self-‐discharge	  reactions	  between	  the	  
deposited	   zinc	   and	   the	   benzoquinone	   species	   were	   not	  
overwhelming	   in	   such	   experimental	   conditions	   (30	  mA	   cm-‐2	   and	   <	  
c.a.	  55	  %	  SOC).	  	  Since	  the	  overall	  cell	  voltage	  were	  higher	  and	  lower	  
voltage	   drops	   (between	   charge	   and	   discharge	   profiles)	   were	  
observed,	  the	  voltage	  efficiency	  (1.24	  V/	  1.54	  V	  =	  c.a.	  81	  %)	  tends	  to	  
be	  higher	   in	  the	   initial	  cycle	  than	  that	  of	  1,4-‐BQ	  (0.88	  V	  /	  1.46	  V	  =	  
c.a.	  61	  %).	  The	  larger	  potential	  drop	  of	  1,4-‐BQ	  (580	  mV	  vs.	  300	  mV	  
of	   1,2-‐BQDS)	   is	   potentially	   due	   to	   the	   slower	   electron	   transfer	  
kinetics	   in	   the	   relevant	   electrolyte	   conditions	   as	   suggested	   by	   the	  
peak	  separations	  observed	  in	  the	  voltammograms	  (1,4-‐BQ:	  c.a.	  350	  
mV;	   1,2-‐BQDS:	   c.a.	   250	   mV)	   in	   Figure	   1a	   (10	   mM	   HQ,	   static	  
electrolytes).	   After	   several	   cycles,	   the	   voltage	   efficiencies	   (i.e.	   c.a.	  
88	  %	   in	   the	  12th	   cycle)	   tended	   to	   increase,	  while	   those	  of	   the	  1,4-‐
BQDS	   decreased	   down	   to	   60	   %.	   Therefore,	   the	   average	   energy	  
efficiency	  of	  1,2-‐BQDS	  (c.a.	  73	  %)	  and	  1,2-‐BQ	  (c.a.	  66	  %)	  are	  much	  
higher	  than	  that	  of	  1,4-‐BQ	  (c.a.	  44	  %)	  over	  the	  12	  cycles.	  

Figure	  3c	  shows	  the	  resulting	  half-‐cell	  electrode	  potentials	  and	  the	  
overall	  cell	  voltage	  of	  the	  zinc-‐1,2-‐BQDS	  systems	  during	  the	  charge-‐
discharge	   process.	   This	   suggests	   that	   the	   voltage	   changes	   were	  
mainly	   attributable	   to	   the	   polarization	   of	   the	   positive	   electrode,	  
which	  is	  caused	  by	  the	  competing	  reactions	  between	  active	  species	  
at	   the	  electrode	  surface,	  considering	   that	   the	  active	  concentration	  
of	  1,2-‐BQDS	  is	  much	  lower	  than	  that	  of	  metallic	  zinc	  ions	  (1.5	  M)	  in	  
the	   common	   electrolytes.	   The	   relatively	   low	   concentration	   of	  
quinone	  species	  also	  leads	  to	  lower	  specific	  energy	  compared	  to	  the	  
conventional	   systems.	   	  When	  higher	  quinone	  concentrations	  were	  

used,	  lower	  coulombic	  efficiencies	  were	  observed	  in	  similar	  charge-‐
discharge	   cycles	   (50	  mM:	  ηCOL	   =	   74	  %;	   100	  mM:	  ηCOL	   =	   62	  %;	   200	  
mM:	   ηCOL	   =	   24	   %;	   See	   Figure	   S1).	   In	   the	   absence	   of	   separator,	  
further	   increase	   in	   concentration	   is	   challenging	   but	   possible	   with	  
the	  use	  of	  higher	  applied	  current	  densities,	  which	  can	  be	  facilitated	  
by	  the	  improved	  mass	  transport	  and	  cell	  architecture.	  Furthermore,	  
higher	   specific	   energy	   can	   be	   achieved	   readily	   with	   the	   use	   of	  
separators,	  in	  which	  reversible	  reactions	  at	  high	  concentrations	  (i.e.	  
1.0	  M)	  have	  been	  successfully	  demonstrated	  in	  previous	  works11-‐13.	  

In	   summary,	   a	   membrane-‐less	   hybrid	   flow	   battery	   based	   on	   zinc	  
and	   organic	   quinone	   species	   has	   been	   proposed	   and	   investigated	  
from	   fundamental	   electrochemistry	   to	   the	   charge-‐discharge	  
performance	  of	  the	  cell.	  With	  the	  use	  of	  1,2-‐BQDS,	  a	  high	  operating	  
voltage	   of	   c.a.	   1.52	   V	   was	   achieved,	   which	   is	   comparable	   to	   the	  
conventional	  vanadium	  flow	  battery	  system	  (c.a.	  1.3	  V).	  Due	  to	  the	  
low	  costs	  of	  the	  active	  materials,	  the	  overall	  electrolyte	  cost	  is	  less	  
than	  USD$	  12	  /	  kWh.	   In	  a	  common	  electrolyte	  containing	  oxidized	  
quinone	   species,	   the	   slow	   dissolution	   of	   zinc	   means	   that	   a	  
membrane-‐less	   configuration	   is	   feasible	   for	   the	   proposed	  
chemistry.	   In	   the	   absence	   of	   separator,	   the	   capital	   cost	   of	   this	  
battery	   could	   be	   less	   than	   the	   cost	   target	   of	   set	   by	   the	   US	  
Department	   of	   Energy	   ($	   150	   /	   kWh)	   and	   could	   be	   able	   to	  match	  
existing	   physical	   energy	   storage	   technologies.	   This	   is	   a	   new	  
direction	   for	   redox	   flow	   batteries	   and	   will	   promote	   the	  
development	   of	   potentially	   low-‐cost	   and	   simpler	   alternatives	   to	  
vanadium	  batteries	  for	  medium	  to	  large-‐scale	  energy	  storage.	  
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