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CARBON BASED vixh bof$30BES The present invention rel tesH99/01396
car bon, based el ectrodes and, in particular, to carbon based 5

el ectrodes for the el ectrochem cal reduction of sulfur or oxygen.

It is well known in the el ectrochen cal field t hat carbon is not an

el ectrocatal yst for the en, P.L. and
Hi ckling, A, 10 Trans. 2y, ' e Vari ous workers
have endeavoured to find good elecrocatalysts for the reducti on of

sul fur which enable the el ectrode to gerate at a current density of
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sufficiently actlve are net al suI However, _the materials with
the highedt  actgdaatraftehdiosHdi? @%%Ctroc}lembﬁﬁltéﬁﬁ\l%hwl‘Pfysﬁhﬂuﬁre

expensive to pQﬁgQﬁﬁ% A separate problem occurs when carrying out
t he 20 sul fide/ %sulflde redox reduction which is descri bed, for
exanple, in US-A 448131% Wil dtnqwntin the giestrochemigat| Eéetdde
carrying out thg su '%ﬁ%n i @Oiﬂsé’iéééfoé%&% Eafékow?réés limted by

t he conbi ned ects o e reactrons i1n so sl ow 25
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15 only materials which have been found to be

sufficiently active are metal sulfides. However, the
materials with the highest activity do not show good
long term stability and are expensive to produce.
A separate problem occurs when carrying out the

20 sulfide/polysulfide redox reduction which is
described, for example, in US-A-4485154. The current
density at an electrode carrying out the sulfide/
polysulfide redox reaction is limited by the combined
effects of the reactions in solution and slow

25 electrochemical reaction kinetics. Many authors
{Lessner, P.M., MclLaron, F.R., Winnick, J. and Cairns,
E.J., J. Appl. Electrochem., 22 (1996) 927-934,
Idem., ibid. 133 (1986) 2517) have proposed a metal
or metal sulfide deposited on a high surface area

30 electrode {e.g. an expanded metal mesh) to overcome
these effects by providing a high interfacial area per
unit volume and an electrocatalyst surface. The
catalytic electrode surface layers of Ni, Co or Mo
metals, or the sulfides of these metals, achieve only

35 a modest current density of 10 to 20 mAcm™? at an over



35 a nodest current density of 10 to 20 mAcnferr]at an OV?ETan§M¥%6 '
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- 2- vol tage of 50 nV. _ELectrodes which are surfaced with
carbon are recogni zed to be two to three orders of nagnitude

worse than the catalytic electrode surface |layers of 5 Ni, Co or M
netals, or the sulfides e net al s. Accordingly, a 50 nVv

overvol t age mou|a°ikﬁ§8v§% BB ﬁﬁ(ﬁnly at current densities of 0.1

mAcnf err]. For exBipkerodesr wblichgaze sfirgadetowdth oirhow are

Win a high curfREBORPCaoRhrRone( Sag o tnPel RERRRS0F nagHielRl ) o 007 *

It woul d be advagbzgeottpahothe zhtalyticseleatbode surfabhesadyelrscbfodes
for the electrochemcal re uctig su

f e
sul fi de/ pol ysul f Nge FBJ8X Efle g§g0r8§etB§ Su&?éQ%%n%%i&Bﬁ?? Betatfon

based el ectrode weebddiaagly, a Seuifebverevildegeadatildnbduachieved
i nter-conversion

bet ween vari oys .sul fid hases. ve _Now
devel oped andyc Rl GUETEDE RERSH 18§r83n8b§s§8 3I@$?Wodes i ch
are el ectrocat al ykiagphly aveirveltagakle ofulBbor t30500 m@dagki on process.
Such el ectrodes are al so sggtabl _, for th?‘elzﬁ{ro heq%&g%%reduction
of oxygen. encounkegs Pﬁgﬂ@,m@ﬁ@ preEEEN Ve, &G St S5 s a
carbon basgq@ el egiredes’ 95 hatelkeiracheRignl surface’ adea! carbeh ekkur or
oxygen, which conprise an ctrode_core and, in electrical contact

25 ele
therewith, a US-3rA06P3rd a8 USsPidid 788Rdus particul ate activated

carbon bonded with a pel w@andc Hai REantalebusl to be apibatach@el $a¢bbn that
the structure is at least 1 thick, in that the _particulate

mm X
activated car bonbasedo elechreggsedorr dhea SlrGhscehemicslc TRAPEHEN &Ad has
Fhe f ol | owighg fRFORGS &heS'sulfide/polysulfide redox energy storage

i5 system because a carbon based electrode would not
suffer from degradation due to inter-conversion
between various sulfide phases. We have now developed
a technique for making carbon based electrodes which
are electrocatalytically active for the sulfur
20 reduction process. Such electrodes are also suitable
for the electrochemical reduction of oxygen.
Accordingly, the present invention provides a
carbon based electrode for the electrochemical
reduction of sulfur or oxygen, which comprise an
25 electrode core and, in electrical contact therewith, a
structure comprising a porous particulate activated
carbon bonded with a polymeric binder material,
characterised in that the structure is at least 1 mm
thick, in that the particulate activated carbon is
30 prepared from a lignocellulosic material and has the
following properties:
i) a particle size in the range of from 200 to
850um;
ii} a pore volume of from 0.45 to 1.0 cm’® per

35 gram;



1) a part| in the range of from200 to 850 o

1) a pore vﬁY‘ﬁﬁ’ég%%fromo 45 to 1.0 cnferr] per 35 36;/3 6
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- 3- iii) a surface area in fhd range of from800 to

1500 nferror]/ag; and in that the binder is used in an anount not

creegd g 2% b, el 00558 HRGR AU ol oo, o HELRL S REPOR,

and bi nder material.
pr esent invention is pbéPpamé&igfrom a IlgnoceIIuI03|c naterlal

such as nut shells r.frght sﬁﬁnegﬂn%he activated g may
prepared by oxi di 8PgiRutPeheFfS BIndST lePﬁFF %Poﬁ@saﬂ9u9 nP&@t mnth an
oxi di sing acid atesBeeding e2b8vbyedetighpebaseteuponptadupgxairienbg medi at e

pr oduct mhic is then C% onised to g ée hhe activated car bon
according to the PELLRPAGoFRERPCR. 8385 er mategigther method of

prepartng the actlvateﬁh@aabﬁmvated &érbonIWhibﬁ Rseg8BH hﬁveﬁblg&ebénQy
t he steam activation of carb glsed product preEare froma
l'i gnocel I ul osic 1nvenﬁépgr}§|pr$9@rg t f9aW 8nlhepAce1LYIRASGNIREerAalar t

and is generally garhi 8 AUt She2lbeBRCERhiEEs@bnbEOM The ac@@@a%gd
1000[err]C. A further nethod of activating crbon, 20 which is well known

inthe art, is thE2EPPRaERYVAE| BRepared Pﬁtﬁﬁﬂd&ﬁﬂéﬁ BUSosheddaces an

activated cppbon weigh stonesCBY Bendaed WEthhSnpbﬁiﬁﬂkih?VSEEHOQt an
The activated carbon product fromthe treatnent he

li gnocel | ul osi ¢ nélevehpdobeBPAEALIES RenPpgducepagséatenredinte series of

sieves in order t t@hich ist a Ctj,0 v
Sizein the PR e PO e Lo g YeY Y, kR e

invention. It is ﬁérbpéuﬁﬁﬁpydbPGf§9r§89t6eé§blng of EP-A-0395353.
Another method of preparing the activated carbon used

15 in the present invention is by the steam activation of
a carbonised product prepared from a lignocellulosic
material. The activation method is known in the art
and is generally carried out at a temperature of from
600 to 1000°C. A further method of activating carbon,

20 which is well known in the art, is the air activation
method which also produces an activated carbon which
can be used in the present invention.

The activated carbon product from the treatment
of the lignocellulosic material obtained is then

25 passed through a series of sieves in order to isolate
the particle fraction having a particle size in the
range of from 200 to 850um for use in the present
invention. It is particularly preferred to use
activated carbon having a particle size in the range

30 of from 200 to 600um in the present invention. If
significant numbers of particles above or below the
specified limits are present, the activity of the
electrocatalytic surface will not be sufficiently high
for the reduction of sulfur to occur.

35 Whilst not wishing to be bound by theory , it is



activated carbon having a particle size in the range 30 of from200 to
600[ err] m i n Y4 ¥ Bsent i nvention. |f si gni fi cant nunbBFEGE/01396
particles above or bel ow the specified limts are present, the

activity of the el ectrocatal ytic strffate will not be sufficiently

hi gh for the reduction of sulfur to occur. 35 Whi | st not

w shing to be boupd_by tgeogg , Lt IS, . WO 99/ 57775

PCT/ GB99/ 01396 believed that the activated ca;pbons used 5@] itédeed t hat t he

activated carbonspysgdntnihiténtion sRERSERE LRKRBEL iighe edly
hi gh catal ytic P behavi our because of the prgfe?gg??gﬂléﬁéﬁgggggﬁﬁ%n of

sulfur or oxygen BpRBavéguerPecavfie fr FheePrpsssepityalschemi sqcpitionspfes
produced during thg1aaki ¥AtbRPgen speliBSESH: tEh%h%hgﬁk%QEgi?gP;%H%rﬁﬁgolrOW

oxygen species is .then believed to act as an interne
activation efergyb¥eagbivensbEegepsoduced duringThbenactialklisonor fruit

stones which Eaésﬁfoﬁé§g.1@he chénP50LHER EUEfﬁ?tB¥aF?gg8ﬁrg§§§§E%aFﬁ]nut

materials suc each pits, alnond stones, o sto
shel I's, coconut shhensbetigwediskavact as an intgmmedéairvafod eadben used in

t he present ' ' a eV f from0.45 to 1.0 15
preferably fron10?ge¥ggg#§@ %%fgggrg?g?ggﬁgnf§%§1 58" to 0.7 cnB of
pore per gram of carboBhe Tiet pspretlsyor fruitsstremesrwdibh maybbe used

tetrachl ori adspr pi. i . p ILLy)_and rcu I ntyusion
porosinetryg?for £ ﬁiQ%%ééog%% %%E%g%gégs?%§§bhzére mag§r1§ﬁg EBFLVQFEd
carbon used in theepchspits, almondvehonea, abidvhastenesyfpatmanae i n the

range of from she?ggﬁtéggéﬁﬁﬁrg%gll rg}eéggagséggo to 1100 nferr]/g. The

surface area i s neasure ogéen adsorp described in
Porosity in Carbons, ebhe¢eachivaiods adrBén usedt thckhe Egwesdnérnol d, 1995.

invention also has a pore volume of from 0.45 to 1.0

15 preferably from 0.5 to 0.8, more preferably from 0.6
to 0.7 cm® of pore per gram of carbon. The porosity
is measured by carbon tetrachloride adsorption (for
microporosity) and mercury intrusion porosimetry (for
meso and macroporosity).

20 The activated carbon used in the present
invention also has a surface area in the range of from
800 to 1500 m?/g, preferably 1000 to 1100 m?/g. The
surface area is measured by nitrogen adsorption as
described in Porosity in Carbons, edited by John W.

25 Patrick, Edward Arnold, 1995.

The structure which comprises the activated
carbon and polymeric binder material has a thickness
of at least lmm. Preferably the structure is from 2mm
to 5mm in thickness.

30 The polymeric binder material may be, for
example, polyethylene, particularly high density
polyethylene, polypropylene or polyvinylidene
fluoride. Preferably the polymeric binder will be used
in an amount of up to 20% by weight, although the

35 preferred amount will depend upon the particular



The structure which conprises the activated carbon and pol yneric

bi nder mat er we 99jsaszsa t hi ckness of at least 1mm Preferpti/gBodia3os
structure is from 2mm to 5mmin thickness. 30 The pol yneric
bi nder material may be, for exanptes pol yet hyl ene, particularly high
density pol yet hyl ene, pol ypropyl ene or pol yvinylidene fluoride.
Preferably the polyneric binder will be used I n an anmount of up to
20[err] by wei ghpinaéthesed.t tre3prefpretdar relgagoant whils:depend upon the
particul ar WO 99/ 57775

PCT/ GB99/ 01396 bi nder used. The preferred ranges are thus:

Pol yet hyl ene PolyethylénéO 15% by wei ght 5 to 15% B} Wi ene

- 5to 15% by weight. 5 Pol yvi nyl i dene - 10 to 20%
by wei ght ERLYRFRRYI8BR conprises afi el ect F8déS@oky Waight

is in electgical contpgiywihpirifenstructure conprishdto 20% %ﬁev@gkhMgted
carbon/ pol yneric binder.” The el ectrode core_may be an el éctrically

conduct i ve carbon pol Jheredectrodg pewpPrésegcAnaslachirgiederdiq ywhich

pol yet hyl ene isTﬁﬂnpggeéﬁﬂtheoﬁxaz:hewksh%ﬁahgt&uece : [ﬁg%ﬂ%w

bl ack. e structure in electrical contact w't

el ectrode core ntjebactivahednaacbenipaéymarin bhndes. Theoed eatirageanpl e
by conpressi on noyldingy'Be 8A!LY8Ledically EBRAARLAGLYERENGLD xture
e 0 the ele by g

onto the surfac i ctrode or ~gluing or by using heat and
pressure. MWt ernathpesytet Aucht aaceuhdghagdepsity polyethlydems cal cont act

with the surface.gfobifagheqi ERIEyRPhet180hEaRhE +3N poWeTRHA G JEIHPET

such as an
black.

The structure in electrical contact with the

electrode core may be in intimate contact with the

15 core for example by compression moulding the activated
carbon polymeric binder mixture onto the surface of
the electrode or by gluing or by using heat and
pressure. Alternatively, the structure may be in
electrical contact with the surface of the electrode

20 core via an intermediate member such as an
intermediate layer of carbon cloth or paper.

The electrode of the present invention may be a
monopolar electrode, or a bipolar electrode in which
one or both surfaces is surfaced with a layer

25 comprising the activated carbon/binder mixture as
defined above.

The electrode of the present invention may be
formed by surfacing a preformed electrically
conductive carbon polymer composite electrode core

30 with a mixture of up to 25% by weight, preferably up
to 20% by weight, of a polymeric binder material and
the said activated carbon. A layer of the mixture is
applied onto the surface of a preformed composite
polymer electrode core and compression moulded onto

35 the electrode core to form a laminate thereon of the



I nternmedi ate | ayer of carbon cloth or paper. The el ectrode of
the present ywgygRi#on may be a nonopol ar el ectrode, or RCTGREII0AIF6

el ectrode in I C one or both surfaces is surfaced with a | ayer 25
conprising the activated carbon/binder mxuwe as defi ned above.

The el ectrode of the present invention may be formed by surfacing a
preformed electrically conductive carbon pol yner conposite el ectrode
core 30 with ajdirde tfidkhd®s 25% by wei ght, preferably up to 20%
by weight, of a polymeric binder naterial_apd t?e sggd activa&ed
carbon. A layer of th&hfi @ARRression mouldind 1§,PEefREARLY SREL 4P,

preforned conposigif at a RAUAPEELLE@FECLN OFife CRERgANE £CEFBRESSDONLEDUI ded

onto 35 the electrode core to forma_ | am nate_thereon_of the WO
99/ 57775 250°C and a pressure of from P 997 MBas

- 6- desired thigknasSstively, the THetEoHREASEheBoRPRbIVAGTiE
preferably carried out at a tenperature in the range of from 150[err]
to 250[ er r ] @invten nrY RRrRreAueed 2 d. tilgssoppghests by

Al ternatively, t[&}@;&ﬁﬂfé@@ GRS Pdd POLYABREAL . TheDiAdRE BRY sheeRsodueed

as tiles or shee appropriate thermal treatnent. The tiles or
sheets are titheen pleacet i ineo | et imate ceanhactuwwikht fhes guriaseoPr

surfaces of the car I 0 | o BsiteCR1BS+reRki Onally
by hot pressing<ﬁu%#%héé;agm%h& 8QP§%%§%§%§%%Fy§SF%e86rg$ent iﬁVention
includes 10 witdores sostigrablyebyiocdot oprefgingboirc gludndef a

S mxture of a partioltardiy Ty checp e TRy s on RS R A

powder ed pol yneriwithin bismdecopatarnethpd Snrattbentabrigation2®% By wei ght
carbon based electrode of the invention which method
comprises forming a mixture of a particulate activated

15 carbon as defined above with a powdered polymeric

-binder material in an amount of up to 25% by weight
based on the weight of the mixture, feeding the said

- mixture to a mould or onto a polymeric backing sheet,
subjecting the mixture to a heat and pressure in order

20 to form a sheet and either bonding the preformed sheet
directly or indirectly to a sheet of a preformed
electrically conductive carbon polymer composite
electrode core material and then cutting the bonded
assembly to the desired size, or cutting the preformed

25 sheet to the desired size to form tiles and placing
the preformed tiles directly or indirectly in
electrical contact with individual preformed
electrically conductive carbon polymer composite
electrode cores.

30 In carrying out this method, an intermediate
electrically conductive cloth or paper may be
positioned between the preformed sheet or tile and the
electrical core. Intimate electrical contact may be
obtained for instance by gluing, by the application of

35 heat and pressure or by the in-situ compression



based on the weight of the m xture, feeding the said m xture to a

nmoul d or ont oye 9psywseri ¢ backi ng sheet, subj ecting the mCWCEB/MI6a
heat and pressure in order 20 to forma sheet and either bonding the

pr ef or med sheet directly or indirectlzy 4o a sheet of a preforned

el ectrically conductive carbon polyner conposite el ectrode core
material and then cutting the bonded assenbly to the desired size, or

cutting the preforgeEfbcded byshtead dell horiashictiehze to formtiles and
pl aci ng the preforned tiles directly or jndirectly in = .
electrical contact wit ﬁn}%dﬁﬁﬁﬂg e ifsy also inglirdes it tydn ohemicti ve

carbon pol yner corgefid ean electatottantidm lc apsara3fus which ddmpE@ided g out
t his nethod, an int.erpediat trical nduct.i ve ot h_.or_ paper
may be posi tﬁl&%‘% b%tl\%/eeorf t%ne%%%rocﬁ@c#%]hlgsg‘t %?C}fi‘f n h'i}hea
electrical cdre. Ipusitdtve elhesteraordariregtg maypdmitive eldtitarons dm

i nstance by gl ui ngy, by diG AR GBid & RlgaAT ve NARmARY ARSI uga BY the

I n-situ conpression ) /57775 e
PCT/ GB99/ 01396  negativesfgleatawds ambk atelqladicakykei dhe positive The

present invention s edgt ivde chdnddrs lhte'in% SepREORET afr & &5id A &2
apparatus which c rises .a single cell or a rray of cells, each
cell with a 5  Pobit GAE o ARShARGR MERERAE (04 (Hive T8I Rie and

an el ectrol ¥le anédlaategaid \beickprberarbam dased) electrodeaphtiiee el ectrode

and an el ectrol yt t L L and negative chanbers being
separated from on raer%%htgﬁ%;enﬁogly' a cation exchange nenbrane and the

negative 10 el ectrod@ehdleg trashemiraasmpagantg ode mfefidrably an
present inventionapparatus forl RAEHHL STHTRYE GHa AP PRI dSL IF&iper ably

an The electrolyte in the negative chamber of the

15 electrochemical apparatus preferably contains a
sulfide during power delivery, whilst the electrolyte
in the positive chamber of the electrochemical
apparatus preferably contains bromine, iron, air or
oxygen. The sulfide contained in the electrolyte in

20 the negative chamber may be one or more of sodium,
potassium, lithium or ammonium sulfide and may
preferably be present in a concentration of from 1 to

2M.
The chemical reactions which are involved in
25 these three systems are as follows:
(1) Br, + S* =« 2Br- + S
The above reaction actually occurs in separaté
30 but dependent bromine and sulfur reactions, the

bromine reaction taking place at the positive
electrode and the sulfur reaction at the negative
electrode.

35 (2) 2Fe® + S¥ = 2Fe? + §



apparatus for energy storage and/or power delivery. The el ectrol yte
i n the negatyyestagber of the 15 el ectrochem cal appar at ircTPCER®EI6| ¥
contains a sul fide during power delivery, whilst the electrolyte
in the positive chanber of the el ectrochengcal apparatus preferably
contains bromne, iron, air or oxygen. The sulfide contained in the
electrolyte in 20 the negative chanber may be one or nore of sodium

potassium |ithium or fﬁ¢5&§U|Ehﬂ§ 9@Qcﬁaan actuapiyf@é@@fy pe present
in a concentration of from1l m cal reactions

whi chCare T nvel vegERarats But ideeeRieRE LoQh cARd 7Rl EUT [ BRFGRkons, | TS
(1) Br2 + S[erén reé&fidﬁr&aklﬁb place at theTb@sﬁbDve sbactiode

eactions, the.  and BREIRL Y BAETFER: CkT ho BF aRESRT TR HReFEEOR:

el ectrode ansl the sulfur reaction at the negative el ectrode. 35

2 2F +'S - 2F s 577
I(3C2I'/ 6599/0138%(9”] (571 BY N 45 2—%2-@8%% 4748 Once agai n,

this reaction actually occurs in separate but dependent iron and
sul fur reactions, the rhis réé@ﬂléﬁasls@na&@kangypba@@rgt1ﬁh§ep9§atéve

el ectrode A0d, the, SULLUE seaction at the negative el ecirode, o
10 reaction taking place at the positive electrode and
the sulfur reaction at the negative electrode.

Preferably the electrodes used in the cell array
as described above will be bipolar electrodes, the
negative electrode surface of which is a carbon based

15 electrode of the invention. More preferably, however,
both surfaces of the bipolar electrodes will be
constituted by carbon based electrodes in accordance

"with the present invention.

Thus, the present invention also includes within

20 "its scope the use of a carbon based electrode as
defined in a process which comprises the
electrochemical reduction of sulphur or oxygen. In
particular, the use wherein the process is a process
for electrochemical energy storage which comprises the

25 sulfide/polysulfide redox reduction reaction.

The production of a carbon based electrode of the
present invention will be further described with
reference to the accompanying drawings, in which:

Figure 1 is a schematic representation of the

30 process for the production of a carbon based
electrode.

Referring to the schematic drawing, the
production of the electrode core is depicted in
schematic fashion on the left hand side of the

35 drawing, with the production of the electro-
catalytically active tile being depicted on the right
hand side of the drawing.



(3) *4H20 + 4S[ERR] + 20[ERR] - 8OH ERR] + 4S Thi s

reacti on al sowgogmed7sy occurs in separate but dependent gxyag5ABS
sul fur reactions, the oxygen 10 reaction taking place at the positive

el ectrode and the sulfur reaction atgthe negative el ectrode.
Preferably the el ectrodes used in the cell array as descri bed above
w Il be bipolar electrodes, the negative el ectrode surface of which

is a carbon based 15 InehcéprDd6f0£héhprb6éeet iFaR- fo%&%gprt@{eerab' 'z
however, | ectr.od e be

ces o p
constituted by ca?g%g %dc8¥%c?r€a8§ 3ﬁn§&§¥raaﬁast Ylen%mﬂﬂ? the present
i nventi on. compoﬁhded WhEhpaesgnthenwengraphatéopbm@bud%idedBHbéK)

it th bas d
uhi ch compr i ses (panck €8"EPEn AR GREEIEPHRLE Lk bpveRa R or oxyoon.

I n par i cul Besishivite ofeless thénpﬂeaegbmlsma 6hosem&xture waayr

el ectrochem cal epgefYestPhdS® YR §PeBORPLESERL
sul fi de/ pol ysul fi de re%ox reductlon ?%act? the B@o%éss t?hform ctlon of

a carbon based el @t FBeeS3td PRl Ymerlcp%éEéﬁ@alnﬁéﬁmlénﬁw ﬁmmb@nfurther

described with thickeéssemigetShébe RESOBRAAYEAE %a%@gaes'ﬁe‘éh's‘i*}e
Figure 1 is a schenatt gpresentatlon of the 30 process for th

production of a cHf bon® el ectrode. Referrlng to the
schematic dt@wing, theln the processi forofothingl ther eflectene i s depi cted

in schemat t t d th
{he producti on O;&tgéfyﬁggaggg aeel tbf? Fﬁ ?fgégggﬁv§§tFPea§§| \M
depi cted on the r¢yfeon fromrﬁ#%pk}ﬁéeo$peﬁbmanaqpngons Ltd. 207C whlch

- 9- passed through a 70 mesh sieve but which was retained
on a 30 mesh sieve was mixed (step 4) with powdered
15 polyethylene, polypropylene or polyvinylidene fluoride
at a level not exceeding 25% by weight. In step 5 the
powder mixture is fed onto a polymer backing (PET)
film by means of a hopper and levelled with a screen
and rollers. The film is passed under an infra-red
20 heater array. Heat from the infra-red heaters is
adsorbed by the activated carbon and conducted through
the structure which causes the polymer to melt but
does not degrade it. The composite (powder mix/
backing film) is then passed through heated rollers to
25 flatten and compress the mixture to form an
electrocatalytic sheet. The sheet is then cut to the
desired size component in step 6. '
An electrode is then formed in step 7 by bonding
the electrocatalytically active component (with the
30 backing sheet removed) to the electrode core component
by placing the electrocatalytically active component
in a compression mould tool heated to about 50°C
placing the electrode core component on top heating
the electrode core component to about 250°C using an
35 infra-red heating panel and placing a second
electrocatalytically active component over the
electrode core component. The components are bonded



In step 1 of the process for formng the el ectrode core a high

density pol y@bgy/gﬁqg conpounded Wi th a synthetic grphGsm/opsveder
and carbon Kk to forma polyneric material having a 5

resistivity of less than 0.3 ohmcm Thi ggnxture was t hen extruded
in step 2 of the process to forma sheet of the said polyneric
material froml1l to SmMmin t hi ckness. The sheet was then cut to the

desired size  toqg éﬁhéﬁeﬁY%pﬂQ ying a prksstite prozess ber Mper ionghiche
el ectro- catal ytj cal

active,tile the tion of .a t t ed
carbon from Sut FPRRLSB k% Cﬁerﬁtoﬁt Eg iﬁﬁ%Eﬁcataq %ﬁé: gg'through
a 70 mesh sieve ptivdi shheels betamectdonded tonthe3@leetirosicewonsas Thiexed

(step 4) with p§¥q§§$§ %? 1sp9$¥ﬁtg ngSSS&glggggpylene or pol yvinylidene

fluoride not excee g In step 5 the
powder nixtlire is fedibetprasgotyikdveniérpnyi ﬁEbﬁ furthep [desgyr ibeghs of a

hopper and | evel 'f‘éé"‘féﬁeﬁeﬁééeﬁa the fow@w&% examplag .filmis passed
under an infra-r ater array rom.t he |nfra red heaters is

adsorbed by the actlvB%eHh%é$66ﬂpéﬁﬁfcGggu@Pe&OVHPGU@ﬁasuremeFﬁe structure

whi ch causes t hecpohyglies OwaEet ubed. does not degrade it. The
conposite (powder m x/ backing film is then passed through heated
rollers to 25 flatten and conpress the mxture to form an

el ectrocatpd yti cosdeedl tide sheet is then cut to the desired size

conponent in step 6. e d p 7 by
bondi ng t he ele%??o% YO% g?%y%§%%|®8%§§9€§:4% fﬁﬂ¥ﬁ&9

backi ng sheet renonepdlap th@oélﬁéPWOGéléoﬁguéﬁﬁﬁ@h@ﬁﬁh Plaﬂﬁﬁqmzmu ng the
el ectrocat al ytlce%t%r &éveléeer?eaeat The ﬁeem%omree Hhieh ey ¢ tool

heated to about 5 E acin s} ectrode core C onent on top
heat i ng thele %c??é%eSEAP &m&i€§1 & SAJHBRRE usi ng an 35

infra-red pgati ngveavsltagd pbaanngvarageondlue meazheed dtatcalgtoutal |y

act i ve corponent Qyefy L08:ng (reBhBEIEATEpRYBLOMPONEN: . The component s

-Porogity
: The pore volume is measured by carbon

20 tetrachloride adsorption (for microscopy) and mercury
intrusion porosimetry (meso and macroporosity) as
described in Porosity in Carbons, edited by John W.
Patrick, Edward Arnold, 1995.

25 Surface Area
Surface area is measured by the nitrogen
adsorption isotherm method as described in Porosity in
Carbons edited by John W. Patrick, Edward Arnold,
1995.
30

Example 1

An electrically conductive carbon polymer
composite electrode (CPE) was prepared from 50% by
35 weight synthetic graphite and 50% by weight Kynar
6000LD polyvinylidene fluoride powder (Elf Atochem)
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- 10 - wotgeriser by applying a pressure of 4 to 25 MPa RGT/GBEH/01396
conposite using a piston. Both electrocatal ytically active sheets
becone bonded to the el ectrode core. The 11 - conponent is then allowed to
cool. 5 The present invention will be further described W th
reference to the foll ow ng Exanpl es. | n the Exanples, the
fol | owi ng measur grewtded attachanpeEatwseeofsdd0°C and ameesshraget

The overvol t ages mmﬁsasvﬁ@dcpn Rast 3098hbed witROBOROkANrEeEex 1kl W cell
equi pped with plati num reference el ect e res |ts are glven for

a 1. 3M Na2§1Y§%?h9?Bn°§A?hPBE ﬁﬁe#nBOEXV%gyl¢Hsnﬁ5 Tluogide, BRndgE i s

an average val ue m@ﬁaxfedooomughmmt Atochemheanlasgi.ng byedu@t;h@nbfperl od.
Porosity

tetrachi ori d® ad§%ﬁf&?%h8 g%gg?énﬁ%XiﬁgfaZﬁéggéFgﬁfggze in tﬂ?rﬁ??@ﬁ

porosi netry (nmescofinfiromc2dpotosbdPimad30 to 78emeshbedUSnSPendartly i n

Car bons, edited legggns¥¥l?s) prggéiéﬁkﬁgggWEGSné Qﬂlgctlggﬁed c4?bon

Surface Area ails
adsor pti on |sothesmﬂ@éb%o@uﬁéléﬁgér$BéékmﬁnP§ﬁ§§Pﬂ§ Lhmlted a@a?@&ﬁs edi t ed

by John W Patri ofhe E¥eiHatedOotdrbon hadl898urdfce area of 1100m?/g

10 and a pore volume of 0.65 cm® per gram. The
207C/binder mixture was compression moulded onto the
CPE at 210°C at a pressure of 1.25MPa to form a
laminate. Various electrodes with different surface
laminate thicknesses were prepared by this technique.

15 The electrodes were each incorporated onto a
monopolar cell as the negative electrode thereof. The
positive electrode was of the same construction. The
electrodes were separated by a cation exchange
membrane. The electrolyte in the negative compartment

20 of the cell was 1M Na,S, and the electrolyte in the
positive compartment of the cell was 1M bromine in SM
NaBr.

The results for the overvoltage for sulfur

reduction are given in Table 1:

25

Structure Overvoltage ?; sulfur
(Thickness of activated reduction at 40 MA em™

carbon layer) My

< 1lmm thick 800

30 2.0mm thick 57

3.0mm thick 40

| 4.0mm thick 43

2.0mm thick - powder with 740

fines
35 Ni surfaced electrode 550
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tenperature of 210[err]C and a pressure of
surfaced with a mxture of 14.3%

pol yvi nyl i dene fl uori de binder

by wei ght of.

prepared by sievin
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cilhere  sheetont shectefear e conduet Bha: 6h¥Ban, at od
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The monopolar cell was as described in Example 1

and the overvoltages for sulfur reduction are given in

Table 2.

Structure

Overvoltage for sulfur

cloth interlayer

(Thickness of activated reductions
carbon layer) & 40 mA cm2 .
2.0mm thick 45 mv
3.5mm thick 52 mv

2.0mm thick no carbon - 660 mV

EXAMPLE 3

An activated carbon/polyvinylidene fluoride tile
was formed according to Example 2. The tile was then

bonded to the electrically conducting core by

resistive welding of the tile to form a laminate

structure.

the overvoltage was 75 mV.

For the reduction of sulfur at 40 mA cm™2

EXAMPLE 4

A laminate was prepared according to Example 1

El f Atochem) and 85. 7%

es wWth



25 ; : Structure overvol tage for su

(Thi ckness WO ®&77pat ed reduction at 40 MA cnierr] I"L:LF/G]39""”(“3ar bon
| ayer) < 1mmt hick _ 13 - 800 30

2.0mm t hi ck 57 3. 0mm t hi ck

40 4. 0mm t hi ck 43 2.0mm thick -

powder wi th with the7gg6ivatedvEF§8Pg7g9gd£kn§§i§8 bonded Yo BYthaced

el ectrode i
PCT/ GB99/ 01396 sides of the substrate sheet tolform a bipolar

Exanpl e 2 glect ggggraffhagawggee&pgnwel znbayhhesgggih%@w 48to a

m xture was prep ding t m X was
conpr essi on noul dégolarocahl Confl§P§éF#©§aF&ﬁyPpéré§ﬁﬁowlﬁhle of various

thlfknfszefsat e ecF%&Q Féé]SéabeéﬁﬂﬂéasdheEQBméla51NP@or:&hetl|e “ﬁﬁ tPen
contacted to an electrica ucting,co osi tiqQni ng a shee
of electrically éSﬁHGE%PHg°¥a g%“foat 4@ thCKpaﬁgﬁ SV qﬁﬁi &P t he

tile and the coregqgbyy. mechani cal conpression on assenbly of a
nonopol ar cel | i ncorporating the el ectrodes. The nonopol ar
cell was as described in Example 1 and the overvoltages for sulfur
reduction are given in 15 Tabl e 2. Structure

CNervoItagfofor sul fur

15

20

25

30



(Thi ckness of activated reducti ons ' carbon | ayer)

[err] 40 mA warsri7s 20 2.0mm t hi ck PCT/GB%i7013%6
3.5mm t hi ck 52 mv 2.0mm t hi ck no carbon

660 nV cloth interlayer 25- 14 - AVPLE 3
An activated carbon/pol yvinylidene fluoride tile rmed accordi ng
to Exanple 2. The tile was then bonded to the el mgi! gg m&m,ﬂctl ng
core by 30 r eELAEMBe wel ding of the tile to forma [+«a

structure. For the reduction of sulfur at 40 mA cnierr]
overvol tage was 75 nv. EXAMPLE 4 35
A |l am nate was preparéd acBofarkgn: baseshsilectrode fid ade57775
PCT/ GB99/ 01396  e)ectrochemical reductlon of‘s%ifUr ﬁyq %ﬂb
des %0 é Strate

acti vated carbon gomder bei ng Eon ed to bot
sheet to foPm a BPPBFaFeS an’ eteccrode. cﬂ?%s¢§ﬂecﬂﬁo&é%ﬂ§?#ﬂﬁ%1Contact

i ncor por at ed i nt ehérewithpi pokaructhirec eohipgusdhigoa @@&o@@e@%&Qﬁdﬂﬂé%é5

igeﬁkrgh{éff]afhggggg%%ggt ag%gﬁpggnaedF%étbva polymerlc %}I%P of sulfur at

material, characterised in that the structure is at
least lmm thick, in that the particulate activated

10 carbon is prepared from a lignocellulosic material and
has the following properties.
i) a particle size in the range of from 200 to
850um;
ii) a pore volume of from 0.45 to 1.0 cm® per
15 gram;
iij) a surface area in the range of from 800 to
1500 m?/g;

and in that the binder is used in an amount not
exceeding 25% by weight based upon the mixture of
20 activated carbon and binder material.

2, An electrode as claimed in claim 1 wherein
the activated carbon has a particle size in the range
of from 200 to 600um.

25
3. An electrode as claimed in claim 1 or claim
2 wherein the activated carbon has a pore volume of
from 0.6 to 0.7 cm® per gram.
30 4. An electrode as claimed in any one of the

preceding claims wherein the activated carbon has a
surface area in the range of from 1000 to 1100 m?/q.

5. An electrode as claimed in any one of the
35 preceding claims wherein the said surface layer is
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from 2 to Sm in thickness. AR AR VR A

6. An electrode as claimed in any one of the
preceding claims wherein the polymeric binder material
is polyethylene, polypropylene or polyvinylidene
fluoride.

7. An electrode as claimed in any one of the
preceding claims wherein the binder is used in an
amount of up to 20% by weight.

8. An electrode as claimed in claim 7 wherein
the binder is high density polyethylene which is used
in an amount of from 5 to 15% by weight.

9. An electrode as claimed in claim 7 wherein
the binder is polyvinylidene fluoride which is used in
an amount of from 10 to 20% by weight.

10. An electrode as claimed in claim 7 wherein
the binder is polypropylene which is used in an amount
of from 5 to 15% by weight.

11. An electrode as claimed in any one of the
preceding claims which comprises an electrically
conductive carbon polymer composite core to which the
layer of activated carbon bonded with a polymeric
binder is directly bonded.

12. An electrode as claimed in claim 11 wherein
the composite core comprises high density polyethylene
compounded with synthetic graphite powder and carbon
black.

13. 2n electrode as claimed in any one of the



CLAI M5 l ectrode for the )
el ectrochem w@iggyswhmtlH mﬂ :I“‘“ mn IExygen which 5  conpCT/AaB99/64396

el ectrode core and, in etectritcal contract therewith, a structure
conprising a porous particul ate acti ¥ated carbon bonded with a

pol ynmeri c bi nder material, characterised in that the structure is at

| east Ilmmthick, in that the particulate activated 10 carbon is prepared
froma |ignocel | uppecedingeclaimgno#hich isha kirolar| olwatredeperti es.

i) a particle size in the range of from 200 to 850[err]n1
i) a pore volunme of fromO0.45 to 1.0 cnferr] per 15

iii) a surface area inléhe ABngdegtmodsmam-iaimed in claim 13 !%@Beln

n{err]d/ g; 250 b aBQcthhE%cghafbtmﬁblﬁwﬁ%l?cggom ﬁp%ez a ]
exceedi ng o by wei sed_upol e .mixture o va car bon
and bi nder materi §F rface layer at %eag&lé$% q?%ﬁ% k4 %I%.ﬂ% ﬁ atfaim 1

wher ein theaattwmabddcaabbunhmndeﬁrwuthciepslgmerncthendenge
of from?200 to 600g% Ehghwég defﬁﬁ$d i |Vé¥ﬁg Iectrode as clainmed in

claim1 or claim erelrn carbon has a pore vol une of
from0.6 to 0.7 cnferr] per gram 30 . An el ectrode as cl ai ned

in any one of the 150" eaedicthod FHJP mrﬁ@riest%ﬁiaﬁtsdcs%mn has a
surface area in the range of from 1000 to

00 /g. 5.
An el ectrodéOas cpéﬁﬁédenlﬁcé}ﬁ?d@nésofdtW%‘% rq: Hlliﬁg W ichemeRRedi n t he

sai d surface | ayeecomprises forming a mixture of a particulate activated
carbbn as defined in claim 1 with a powdered polymeric
binder material in an amount of up to 25% by weight
based on the weight of the mixture, applying a layer

15 of the said mixture to the surface of a preformed

electrically conductive carbon polymer composite
electrode core and compression moulding the said
mixture onto the electrode core in order to form a
laminate thereon of the desired thickness.

20
16. A method as claimed in claim 15 wherein the
compression moulding is carried out at a temperature
in the range of from 150° to 250°C and a pressure of
from 0.5 to 5.0 MPa.
25

17. A method for the fabrication of a carbon
based electrode as claimed in claim 1, which method
comprises forming a mixture of a particulate activated
carbon as defined in claim 1 with a powdered polymeric

30 binder material in an amount of up to 25% by weight
based on the weight of the mixture, feeding the said
mixture to a mould or onto a polymeric backing sheet,
subjecting the mixture to heat and pressure in order
to form a sheet and either bonding the preformed sheet

35 directly or indirectly to a sheet of a preformed
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- 15 - WO PYHH 2 ess . ARCEERRPILRE as
clainmed in any one of Bﬁﬂiﬂw)m i\} i ng | ai ms wherein the pol ymeric

bi nder materi al poI ropylene or pol yvinylidene
fluori de. . An electrode as clainmed in any one of the

precedi ng cl ai ns ereln t e S nt _of up to 20%

by wei ght . e eCtrlCE?l q‘fcg‘gﬁtlf]b‘aéje a%%%?ﬁe%muﬁrc?% g\ﬁerei n

t he binder is hi giletansidey qmteye(tai;merml wind hthen usetiting thenbandadmunt of

fromb5 U)lS%by elgc s | ai m
fhe%yﬂcﬁn the des;re& sif¥, ebf &%Qgg%? Eﬁeabfgfofﬂeﬁ

7 wherein yvi ny ene ¥ uori I's’ used
an anount of froraheet E20%h Q) %ﬁ%{ﬁﬁ sizgoto form Yyples and|RLeEdEg as

clainmed in g ai mﬂqé"’ffiﬁi &dtmed tilde auf@@tly%@oiwi@@d’cwemhl Ch is used

I n an anount 5 to 15%)

el ectrode as cl aﬁ%&FQWc&my aRFagt ¢ QSlgngY{a@éﬂ} nﬁr%F%F‘H%‘%M| ch

conpri ses an m«aélédﬁﬁldally carvhaltic v ecaribdwnppbmerr comppostee core to
whi ch t he er ofé§§t|ygéed carbon bonded with a pol yneric

bi nder is dlrectl

10 18. A method as claimed in claim 17 wherein an
intermediate electrical cloth is positioned between
the preformed sheet or tile and the electrode core.

19. A method as claimed in claim 17 or claim 18
15 wherein the bonding is effected by the application of
heat and pressure.

20. An electrochemical apparatus which comprises

a single cell or an array of cells, each cell with a

20 positive chamber containing a positive electrode and
an electrolyte and a negative chamber containing a
negative electrode and an electrolyte, the positive
and negative chambers being separated from one another
by a cation exchange membrane and the negative

25 electrode being a carbon based electrode as claimed in
claim 1.

21. An electrochemical apparatus as claimed in
claim 20 which is an apparatus for energy storage
30 and/or power delivery.

22. The use of a carbon based electrode as
claimed in claim 1 in a process which comprises the
electrochemical reduction of sulfur or oxygen.

35



30 12. An electrode as clained in claim1ll wherein t he

conposite cwoeonsIats i ses hi gh density pol yet hyl ene C onp BCHHGBIIN 306
synt hetic graphite powder and carbon bl ack. 35 13. An

el ectrode as claimed in any one of the - 18 D 99/57775

PCT/ GB99/ 01396 - 16 - precedi ng cl ai ns
which is a bipolar el ectrode. 14. An electrode as clained in
cl ai m 13 wherein 28achTher gee agf cliadmedpdinaclalise 220 whegsipr ithes a 5
surface |ayer. at kSééEslﬂg‘hthBCQESaf%%r%ﬂ%%%%b%hemlcaQC%h. car bon

bonded with a meric bj r mat er as defined in arm 1.

bonded w11 & DOy Dl ReT e b o A Lo
clainmed in clai ntédushioh rebhttdon. conprises formng a mxture of a
particulatesactivated carbon as defined in claiml1l with a powdered

pol yneric bi nder material in an anount of up to 25% by wei ght

based on the weight of the mixture, applying a |layer 15 of the said

m xture to the surface of a preforned -electrically conductive carbon
pol ymer conposite el ectrode core and conpression nmoul ding the said

m xture onto the electrode core in order to forma | am nat e t hereon of

the desired thickness. 20 |
e desired thi ckness AR O




16. A méthod as clainmed in claim15 wherein the
in the range of from 15GCFGHIINOEI6
from0.5 to 5.0 MPa. 25
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250[ ERR] C and a pressure of
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claim1, which nethod
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pol ymeri ¢ backi ng sheet,
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conposite el ectrode core mat eri al

assenbly to the desired size, or cutting the preforned
desired size to formtiles and placing 5

conprises for
carbon as defined in clai
bi nder material in an amount of up to 25% by wei ght
wei ght of the mxture, feeding the said
subjecting the m xture to heat and pressure

to forma sheet and either bondlng the preformed sheet 35

directly or indirectly to a sheet of g/gzgfb
PCT/ GB99/ 01396 | ectri cdlly conductive carbon pol yner
and then cutting the bonded

conpr essi on noul di ng

17. A
based el ectrode as clainmed in
a mxture of a particulate

with a powdered pol yneric 30

based on the

m xture to a nould or onto a

WD 99/ 57775

sheet to the
the preforned tiles directly or

indirectly in
electrically
18. A nethod
el ectrical cl
and t he el ect
claim 18 15

heat and pres

el ectrical contact wth individual preforned
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as clainmed in cfaim 17 wherein an
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20. An el ectrochemnm cal
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(57) Abstract

the mixture of activated carbon and binder material.

A carbon based electrode for the electrochemical reduction of sulfur or oxygen, which comprises an electrode core and, in electrical
contact therewith, a structure comprising a porous particulate activated carbon bonded with a polymeric binder material, characterised in
that the structure is at least 1 mm thick, in that the particulate activated carbon is prepared from a lignocellulosic material and has the
following propcmes i) a particle size in the range of from 200 to 850 gm; ii) a pore volume of from 0.45 to 1.0 cm3 per gram; ifi) a
surface atea in the range of from 800 to 1500 m%g; and in that the binder is used in an amount not exceeding 25 % by weight based upon




